
TRACER DIFFUSION OF SELECTED CATIONS 

IN SINGLE CRYSTAL MgO

by

B.C. Harding, M.A. (Oxon.) M.Sc.

A thesis submitted for the degree of Doctor of Philosophy

in The Australian National University

Department of Physics 
The Australian National University 

Canberra

1972



ii

"The floating of other mens' opinions in our brains 

makes us not one jot the more knowing though they happen 

to be true." Locke, Essay, I 4:§23

The work contained in this thesis is my own except where 

another source is acknowledged.

B.C. Harding



iii

Contents

Acknowledgements vi

Abstract vii

Chapter 1. Introduction 1

1.1. General remarks 1
1.2. Self-diffusion in magnesium oxide 2
1.3. Impurity diffusion in magnesium oxide 3
1.4. Short-circuit diffusion in magnesium oxide 4
1.5. Electrical conductivity in magnesium oxide 4
1.6. Aim of the present study 5

Chapter 2. The Basic Theory of Diffusion 7

2.1. Fick's laws and solutions to the diffusion equation 7
2.2. The temperature dependence of the diffusion

coefficient 9
2.3. Relationships between experimental diffusion

coefficients 9
2.4. Random walk treatment of diffusion 10
2.5. Calculation of the jump frequency, F 11

Chapter 3. Diffusion in Ionic Solids - Theory 14

3.1. Mechanisms of diffusion and lattice defects 14
3.1.1. Equilibrium concentration of Schottky defects 15
3.1.2. Equilibrium concentration of Frenkel defects 15
3.1.3. Equations for the diffusion coefficient 15

3.2. Factors influencing defect concentrations 16
3.2.1. Vacancy pairing 16
3.2.2. The effect of impurities 17
3.2.3. Impurity-vacancy association 18
3.2.4. Impurity solubility 19
3.2.5. Non-stochiometry 19

3.3. Diffusion and ionic conductivity 21



iv

Chapter 4. The Measurement of Tracer Diffusion in MgO 23

4.1. Radioactive tracer and sectioning techniques 23
4.2. Materials and apparatus 26

4.2.1. Magnesium oxide single crystals 26
4.2.2. The precision grinder 28
4.2.3. Radioactive tracers and detection equipment 30
4.2.4. Furnaces and temperature measurement 31

4.3. Problems encountered at ultra-high temperatures 36
4.3.1. Evaporation of magnesium oxide 36
4.3.2. Preliminary temperature checks 42

4.4. Experimental method 45
4.4.1. General procedure 45
4.4.2. Comments on specific experiments 51

4.5. Sources of error in the measurement of D 56
4.5.1. Boundary conditions 56
4.5.2. Location of the original crystal surface 57
4.5.3. The calculation of D 58
4.5.4. Errors in the Arrhenius equation 62

Chapter 5. Results 63

5.1. Cation self-diffusion in MgO 63
5.2. Nickel diffusion in MgO 73
5.3. Barium diffusion in MgO 81
5.4. Cadmium diffusion in MgO 89
5.5. Calcium diffusion in MgO 92
5.6. Beryllium diffusion in MgO 97
5.7. Germanium diffusion in MgO 100

Chapter 6. Discussion 106

6.1. Defect formation and migration in MgO 106
6.1.1. Theoretical calculations 106
6.1.2. Experimental information on defects in MgO 109

6.2. Self-diffusion in magnesium oxide 110
6.2.1. The effect of impurities on diffusion 110
6.2.2. Oxygen partial pressure and diffusion 115
6.2.3. An interpretation involving Schottky defects 116



V

6.3. Divalent impurity diffusion in MgO 118
6.3.1. Nickel 118
6.3.2. Barium, calcium and cadmium 120
6.3.3. Beryllium 121
6.3.4. Other divalent ions 122

6.4. Factors influencing divalent ion diffusion in MgO 125
6.4.1. Non-structured Arrhenius plots 125
6.4.2. Structured Arrhenius plots 128
6.4.3. A summary 133

6.5. The diffusion of aliovalent cations in MgO 133
6.6. High-diffusivity paths in MgO 137

Chapter 7. Conclusion 139

References 141



Acknowledgements

I would like to thank my supervisors, Dr. A.J. Mortlock and 

Dr. R.J. MacDonald for their guidance and helpful discussions through­

out the course of this investigation. Mr. D.M. Price provided valuable 

technical assistance and, in particular, assisted in the collection of 

the data for self-diffusion where, because of the very short half-life 

of Mg-28, time was very much at a premium. Mr. V.K. Bhalla, as a 

vacation student, contributed considerably to the study of cadmium 

diffusion in MgO. I would also like to thank my fellow research 

students for friendly co-operation and discussion, in particular 

Mr. T. Solaga and Mr. M. Marshall. I am also indebted to Professor 

D.N.F. Dunbar and Professor S. Hinds for my appointment as Senior 

Demonstrator in the Department, which has provided me with valuable 

experience and a very necessary income over the past few years.

Finally, and by no means least, I wish to thank my wife Jocelyn and 

son Julian who have assisted me greatly with their patience and

encouragement.



Abstract

The diffusion of various cations in single crystal magnesium 

oxide has been measured over a wide temperature range using radioactive 

tracers and a sectioning technique. Self-diffusion studies may be 

interpreted in such a manner as to suggest that the enthalpy of forma­

tion of a Schottky defect in this oxide is (3.8 ± 0.3) eV, while the 

enthalpy of motion of a cation vacancy is (1.56 ± 0.08) eV.

Intrinsic diffusion occurs above 1900 °C, with a 'knee' tem­

perature, for the material used here, of 1800 °C. Impurity- 

precipitation-controlled diffusion has been observed below 1500 °C. 

Atmosphere, apparently, has no effect on diffusion rates. The radius 

of a diffusing ion seems to have no detectable influence on its 

enthalpy of motion in MgO, whereas electronic properties (polarisability 

and charge) are evidently important in this respect. Most impurities 

diffuse by a vacancy mechanism, but beryllium diffusion may possibly 

proceed via interstitial sites.

Short-circuit enhancement of diffusion in MgO involves two 

(or more) mechanisms, one being dependent on the presence of impurity 

precipitates at dislocations, while the other is independent of this 

phenomenon and operates for ions which are large compared with the host 

cation. Such enhancement is believed to have obscured precipitation- 

controlled lattice diffusion in many studies and also accounts for the 

variation in activation energies reported by different authors for the 

diffusion of a given impurity.



1. Introduction

1.1. General remarks

A knowledge of diffusion is basic to an understanding of many 

phenomena occurring in solids at elevated temperatures. For example, 

the kinetics of pairing and the growth of nuclei in the process of 

precipitation both involve diffusion. Under certain conditions, tar­

nishing is controlled by an outward diffusion of metal ions through an 

oxide layer. Sintering is a process by which an agglomerate of more or 

less fine particles bake together upon heating to form a strong, dense 

body. This has extensive industrial applications and, again, is often 

diffusion controlled. Other important phenomena involving diffusion 

include annealing and creep.

Diffusion studies also enable more to be learned about how 

atoms move in solids and this is related to the study of point defects, 

their concentrations, formation energies and their movement through the 

lattice. In conjunction with data obtained from other sources, such as 

optical and magnetic resonance and electrical conductivity at high and 

low frequencies, much information can be obtained concerning the defect 

solid state.

The diffusion characteristics of metals are now well known 

and a considerable effort has been directed also at the alkali halides, 

the simplest diatomic compounds. Magnesium oxide forms a bridge 

between these and more complex materials. Since.it has the rock-salt 

structure and is ionic, one might expect some similarity with the 

alkali halides, while at the same time, an understanding of the para­

meters controlling diffusion in MgO could be of value when considering
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t h e  more c o m p l i c a t e d  s t r u c t u r e s  e n c o u n t e r e d ,  f o r  example,  i n  t h e  f i e l d  

o f  g e o p h y s i c s .

1 . 2 .  S e l f - d i f f u s i o n  i n  magnesium o x i d e

A s u r v e y  o f  t h e  l i t e r a t u r e  shows t h a t  v e r y  few t r a c e r  d i f ­

f u s i o n  s t u d i e s  have  been  c a r r i e d  o u t  i n  magnesium o x i d e .  The f i r s t  

r e p o r t e d  e x p e r i m e n t s  were  t h o s e  o f  L i n d n e r  and P a r f i t t  [1957]  i n  wh ich  

t h e  s e l f - d i f f u s i o n  o f  c a t i o n s  was s t u d i e d  u s i n g  t h e  r a d i o - a c t i v e  

i s o t o p e  Mg-28. T h i s  i s o t o p e  h a s  a s h o r t  h a l f - l i f e  ( 2 1 .3  h)  and  t h e r e ­

f o r e  i t  was n o t  p o s s i b l e  t o  c o v e r  t e m p e r a t u r e s  below 1400 °C , a s  t h i s  

would have  e n t a i l e d  u n a c c e p t a b l y  lo n g  a n n e a l i n g  t i m e s .  The s i n g l e  

c r y s t a l s  u sed  w ere  c l a i m e d  t o  be o f  v e r y  h i g h  p u r i t y ,  b u t  an  a n a l y s i s  

o f  m a t e r i a l  [ C l a r k e ,  1957]  f rom t h e  same s u p p l i e r  does  n o t  b e a r  o u t  

t h i s  c l a i m .  The a c t i v a t i o n  e n e rg y  o f  3 . 4  eV would seem t o  be c h a r a c ­

t e r i s t i c  o f  i n t r i n s i c  d i f f u s i o n ,  bu t  t h i s  i n t e r p r e t a t i o n  i s  d o u b t f u l  

when t h e  c r y s t a l  p u r i t y  and t e m p e r a t u r e  r a n g e  a r e  c o n s i d e r e d .  The most  

r e c e n t l y  p u b l i s h e d  e x p e r i m e n t s  i n c l u d e  t h e  t r a c e r  s t u d i e s  o f  H a r d in g ,  

P r i c e  and M o r t lo c k  [1971]  and H a rd ing  and P r i c e  [1972] ,  and t h e  mass 

s p e c t r o m e t r i c  work o f  Wuensch, S t e e l e  and V a s i l o s  [1972 ] ,  d e t a i l s  o f  

which w i l l  be g i v e n  l a t e r .

Anion s e l f - d i f f u s i o n  was m easu red  by O i s h i  and K in g e r y  [1960]  

by d e t e r m i n i n g  t h e  r a t e  o f  exchange  be tw een  a l i m i t e d  volume gas  p h a s e ,  

e n r i c h e d  w i t h  t h e  s t a b l e  i s o t o p e  0 - 1 8 , and MgO g r a i n s .  The a c t i v a t i o n  

e n e rg y  o b t a i n e d  was 2 .7  eV f o r  t h e  t e m p e r a t u r e  r a n g e  1300-1750  °C w i t h  

an  o x i d e  p u r i t y  o f  99.9%. I t  was c o n c lu d e d  t h a t  oxygen  d i f f u s i o n  was 

e i t h e r  i m p u r i t y - c o n t r o l l e d  o r  s t r u c t u r e  s e n s i t i v e  unde r  t h e  c o n d i t i o n s  

o f  t h e  e x p e r i m e n t s .  O 'K e e f f e  [1961] found t h a t  t h e  a n i o n  s e i f - d i f f u s i o n  

c o e f f i c i e n t  v a r i e d  a p p r o x i m a t e l y  as  t h e  s q u a r e  r o o t  o f  t h e  oxygen  p a r ­

t i a l  p r e s s u r e .  The p r e s s u r e  depe ndenc e  o f  D was a l s o  i n v e s t i g a t e d  by
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Rovner [1966] in the temperature range 750-1150 °C using the 0-18 

isotope exchange method. It was claimed that both intrinsic and 

extrinsic lattice diffusion were observed and that MgO is an oxygen 

excess structure with the excess oxygen in interstitial positions.

1.3. Impurity diffusion in magnesium oxide

The tracer diffusion of impurities in magnesium oxide has 

also received only limited attention. Rungis and Mortlock [1966] 

measured calcium diffusion in the temperature range 900-1700 °C using 

an autoradiographic technique, while Harding and Mortlock [1966] have 

reported data for beryllium diffusion in a similar temperature range. 

Harding [1967a] later published results for barium diffusion using the 

tracer Ba-133, and Mortlock and Price [1972] have studied strontium 

diffusion in MgO. Recently, cadmium diffusion studies have been 

reported for the temperature range 1800-2300 °C [Harding and Bhalla, 

1971] and further data for barium and nickel tracer diffusion have been 

obtained [Harding, 1972]. Details of these experiments also will be 

given in this thesis.

The concentration dependence of scandium diffusion in MgO has 

been reported by Solaga and Mortlock [1970]. Apart from this, and the 

yttrium diffusion studies of Berard [1971], there has been very little 

data presented for aliovalent ions in MgO at tracer concentrations.

Other major studies in MgO have been in the field of chemical 

diffusion, although impurity concentrations have in some cases been 

fairly low and activation energies have frequently been found to be 

independent of concentration. Wuensch and Vasilos [1961, 1962, 1965, 

1968, 1971] have investigated the diffusion of iron, cobalt, nickel, 

zinc and calcium in MgO using electron microbeam probe analysis to 

determine concentration profiles. Similar methods have been used by



4

Tagai, Iwai, Iseki and Sako [1965] for iron, manganese and chromium,and

Blank and Pask [1969] for iron and nickel. Other systems studied have

included MgO-Cr^O^ [Greskovich and Stubican, 1970], MgO-Al^O^ [Whitney

and Stubican, 1971] and Mn^O-MgO [Jones and Cutler, 1971]. No experi-
oments have been done at temperatures in excess of 1800 C with the 

exception of the nickel diffusion measurements of Wuensch and Vasilos 

[1971]. Data appear to relate to extrinsic, impurity-controlled 

migration in the majority of investigations.

1.4. Short-circuit diffusion in magnesium oxide

Enhancement of diffusion along high-diffusivity paths such as 
dislocations and grain boundaries has been observed by a number of 

workers [Zaplatynsky, 1962; Wuensch and Vasilos, 1966; Harding, 1967a; 

Mortlock and Price, 1972]. It has been concluded that nickel diffusion 
is only enhanced in the presence of impurity precipitates along grain 
boundaries [Wuensch and Vasilos, 1966; Mimkes and Wuttig, 1971]. 

Harding [1971] has suggested that there are two different mechanisms of 

short-circuit diffusion in MgO and that the important factor in deter­

mining which is operating in a given case is cation size. Oxygen grain 

boundary diffusion has been reported by Rovner [1966] and McKenzie, 
Searcy, Holt and Condit [1971]. Again the presence of impurities such 

as iron appears to influence the degree of enhancement measured.

1.5. Electrical conductivity in magnesium oxide

Conductivity and diffusion can be related through the Nernst- 

Einstein equation in cases where both phenomena depend on the same 

defect, for example, an effectively charged vacancy. Measurements of 

the conductivity of MgO have been made by a number of investigators, 

but it has proved difficult to give a general interpretation of the
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r e s u l t s .  M i t o f f  [1959,  1962]  c o n c lu d e d  t h a t  v a r i a b l e  v a l e n c e  

i m p u r i t i e s  were  r e s p o n s i b l e  f o r  an  o b s e r v e d  c o n d u c t i v i t y  d e pe ndenc e  on 

oxygen p a r t i a l  p r e s s u r e .  An i n c r e a s i n g  e l e c t r o n i c  c o n t r i b u t i o n  was 

found w i t h  i n c r e a s i n g  t e m p e r a t u r e s .  D av ie s  [1963] p o i n t e d  o u t  t h a t  t h e  

c o n d u c t i v i t y  d a t a  f e l l  i n t o  two g r o u p s ,  one a g r e e i n g  i n  a c t i v a t i o n  

e n e rg y  w i t h  c a t i o n  s e l f - d i f f u s i o n  ( 3 . 5  eV) and t h e  o t h e r  w i t h  oxygen  

d i f f u s i o n  d a t a  ( 2 . 7  eV). However ,  c o n d u c t i v i t i e s  c a l c u l a t e d  u s i n g  t h e  

N e r n s t - E i n s t e i n  e q u a t i o n  from t h e  fo rm er  a g r e e d  much more c l o s e l y  w i t h  

o b s e r v a t i o n s  t h a n  t h o s e  c a l c u l a t e d  from t h e  l a t t e r .  The dominant  

c u r r e n t  c a r r i e r  i s  l i k e l y  t o  depend on t h e  oxygen p a r t i a l  p r e s s u r e  

s u r r o u n d i n g  t h e  sam ple .  Lewis and W r ig h t  [1968,  1970]  f a v o u r  an a n i o n  

vacancy  mechanism,  a l t h o u g h  c o n d u c t i o n  by t r a p p e d  e l e c t r o n s  was n o t  

r u l e d  o u t .  A lcock  and S t a v r o p o u l o s  [1971]  c o n c l u d e  t h a t  c o n d u c t i v i t y  

i n  t h e  r a n g e  900-1180 °C i s  c a t i o n i c .  F i n a l l y ,  Osburn and Ves t  [1971] 

p ropose d  t h a t  a t  h i g h  oxygen p r e s s u r e s  t h e  dominant  d e f e c t s  a r e  h o l e s  

and s i n g l y  i o n i s e d  magnesium v a c a n c i e s ,  w h i l e  a t  low oxygen  p r e s s u r e s ,  

e l e c t r o n s  and do u b ly  i o n i s e d  oxygen v a c a n c i e s  d o m in a te .  I n  c o n t r a s t  to  

M i t o f f ' s  r e s u l t s ,  i t  was found  t h a t  t h e  p r e s s u r e  dependence  o f  t h e  c o n ­

d u c t i v i t y  d e c r e a s e d  w i t h  i n c r e a s i n g  i m p u r i t y  c o n c e n t r a t i o n s .  These  

d a t a  were o b t a i n e d  i n  t h e  t e m p e r a t u r e  r a n g e  1000-1600 °C.

1 . 6 .  Aim o f  t h e  p r e s e n t  s t u d y

Many o f  t h e  d i f f u s i o n  s t u d i e s  w i t h  MgO have  been  i n  t h e  

e x t r i n s i c  r e g i o n  and ha v e  i n v o l v e d  c h e m ic a l  d i f f u s i o n .  F u r t h e r m o r e ,  i t  

i s  e v i d e n t  t h a t  c o n d u c t i v i t y  m easu rem en ts  a r e  o f  l i t t l e  u s e  i n  c l a r i f y ­

i n g  d i f f u s i o n  p rob lem s  i n  t h i s  m a t e r i a l .  The work p r e s e n t e d  h e r e  

i n c l u d e s  t h e  m easu rem en t ,  by t r a c e r  t e c h n i q u e s ,  o f  c a t i o n  s e l f ­

d i f f u s i o n  and t h e  d i f f u s i o n  o f  s e l e c t e d  i m p u r i t i e s  o v e r  t h e  t e m p e r a t u r e  

r a n g e  1000-2500 °C i n  s i n g l e  c r y s t a l  magnesium o x i d e ,  t h e  aim b e in g  t o
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determine the parameters controlling diffusion and to evaluate defect 

formation and migration energies.
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2. The B a s i c  T heory  o f  D i f f u s i o n

2 . 1 .  F i c k ' s  laws and s o l u t i o n s  t o  t h e  d i f f u s i o n  e q u a t i o n

I f  t h e r e  e x i s t s  a c o n c e n t r a t i o n  g r a d i e n t  o f  s o l u t e ,  A, i n  a 

s o l v e n t ,  B, t h e n  t h e r e  w i l l  be a f l u x ,  J ,  o f  A atoms c r o s s i n g  u n i t  a r e a  

p e r  s econd  g i v e n  by

J  = - D g rad  c ( 2 . 1 )

where  c i s  t h e  c o n c e n t r a t i o n  o f  A atoms i n  t h e  p l a n e  c o n s i d e r e d  and D 

i s  t h e  d i f f u s i o n  c o e f f i c i e n t .  T h i s  i s  F i c k ' s  f i r s t  law. A p p ly in g  t h e  

c o n t i n u i t y  c o n d i t i o n

be
bt d i v  J ( 2 . 2 )

we c a n  o b t a i n  from e q u a t i o n  ( 2 . 1 )  F i c k ' s  second  law o f  d i f f u s i o n ,  

namely

c)c
d t d iv (D  g rad  c )  . ( 2 . 3 )

Assuming D t o  be  i n d e p e n d e n t  o f  c o n c e n t r a t i o n  (and  h e n c e  o f  p o s i t i o n )  

and r e s t r i c t i n g  t h e  p rob lem  t o  one d im e n s io n  we o b t a i n

-  Dat ~ D ax2 * ( 2 . 4 )

I n  e x p e r i m e n t s  t o  be d e s c r i b e d  h e r e ,  a t r a c e  q u a n t i t y ,  M, o f  s o l u t e  i s  

d e p o s i t e d  on one end o f  what  can  be r e g a r d e d  as  a long  b a r  o f  s o l u t e -  

f r e e  m a t e r i a l .  T h i s  s y s t e m  i s  a n n e a l e d  a t  a c o n t r o l l e d  t e m p e r a t u r e  f o r  

a t i m e ,  t ,  so t h a t  d i f f u s i o n  o c c u r s .  T h e r e  a r e  two s e t s  o f  bounda ry  

c o n d i t i o n s  o f  i n t e r e s t  h e r e .  I f  t h e  d e p o s i t e d  l a y e r  d i s s o l v e s  i n  t h e  

h o s t  l a t t i c e  i n  a t im e  v e r y  much l e s s  t h a n  t ,  t h e  amount o f  d i f f u s i n g  

m a t e r i a l  r em a ins  c o n s t a n t  t h r o u g h o u t  t h e  e x p e r i m e n t .  The s o l u t i o n  t o
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equation (2.4) under these conditions is

vVDt exp(-x2/4Dt) (2.5)

satisfying the requirements that

x > o for c — o as t — o

x = o for c — 00 as t — o

and

c(x,t) dx M .
J o

The second possibility is that the deposited solute never completely 

dissolves and as material diffuses away from the interface it is 
replaced by more of the deposit going into solution. The effective 

surface concentration remains constant at the saturation level. In 
this case, the solution to (2.4) is given by

c = c erfc x/2-/Dt (2.6)s

provided the deposited solute layer is of negligible thickness. This 

satisfies the requirement that

o II o at t = o for O <  X < 00

o II 0 1 at x = o for o < t < 00

The total amount of material in solution at a time, t, is

Mt erfc x/2-/Dt dx

whence

(2.7)
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2 . 2 .  The t e m p e r a t u r e  d e pe ndenc e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t

From e x p e r i m e n t a l  d a t a  o b t a i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s ,  

t h e  t e m p e r a t u r e  d e pe ndenc e  o f  D can  be d e t e r m i n e d .  I n  g e n e r a l ,  i t  i s  

found t h a t  a g rap h  o f  l o g  D v s .  1/T i s  l i n e a r ,  i n d i c a t i n g  t h a t  one can  

w r i t e  an A r r h e n i u s  t y p e  e q u a t i o n ,  i . e .

e x p o n e n t i a l '  o r  ' f r e q u e n c y '  f a c t o r  and k i s  B o l t z m a n n ' s  c o n s t a n t .

2 . 3 .  R e l a t i o n s h i p s  be tw een  e x p e r i m e n t a l  d i f f u s i o n  c o e f f i c i e n t s

I t  s h o u l d  be n o t e d  b r i e f l y  t h a t  e q u a t i o n  ( 2 . 1 )  can be u s e d  t o  

d e f i n e  a ' d i f f u s i o n  c o e f f i c i e n t '  r e g a r d l e s s  o f  wha t  f o r c e s  o r  g r a d i e n t s  

a r e  p r e s e n t .  T h i s  l e a d s  t o  v a r i o u s  k i n d s  o f  d i f f u s i o n  c o e f f i c i e n t s .

I f  two s e m i - i n f i n i t e  b a r s  o f  d i f f e r i n g  p r o p o r t i o n s  o f  components  A and 

B a r e  j o i n e d  t o g e t h e r  and d i f f u s e d ,  t h e  Boltzmann-Matano  s o l u t i o n  ( s e e ,  

f o r  example,  Shewmon [1963 ] ,  p . 2 8 )  l e a d s  t o  one c o e f f i c i e n t ,  D, wh ich  

c o m p l e t e l y  d e s c r i b e s  t h e  r e s u l t i n g  h o m o g e n i s a t i o n .  D i s  o f t e n  c a l l e d  

t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t .  Darken  [1948]  has  p u b l i s h e d  an 

a n a l y s i s  r e l a t i n g  D, a t  a g i v e n  c o m p o s i t i o n ,  to  t h e  s e l f - d i f f u s i o n  

c o e f f i c i e n t s ,  and Dß , f o r  ea ch  component ,  a t  t h e  same c o m p o s i t i o n .  

The r e s u l t  i s

D = D e x p ( - 6 / kT) ( 2 . 8 )
o

where  6 i s  t h e  e x p e r i m e n t a l  a c t i v a t i o n  e n e r g y ,  i s  t h e  ' p r e -

( 2 . 9 )

where  n^  and n^ a r e  t h e  a p p r o p r i a t e  mole f r a c t i o n s  o f  each  component .

D, can  be r e l a t e d  t o  t h e  t r a c e r  d i f f u s i o n  c o e f f i c i e n t ,  D*, a s  f o l l o w s  
A A

[Shewmon, 1963,  p .125]

D
A ( 2 . 10 )
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w here  7 . i s  t h e  a c t i v i t y  c o e f f i c i e n t  o f  component  A. A s i m i l a r  
A

e q u a t i o n  can  be w r i t t e n  f o r  B. I t  can  be s e e n  t h a t  t h e  d i f f u s i o n  c o e f ­

f i c i e n t  f o r  A i n  a c h e m i c a l  c o n c e n t r a t i o n  g r a d i e n t ,  D , i s  n o t  e q u a l  t o
A

t h e  v a l u e ,  D * , o b t a i n e d  i n  a s e l f - d i f f u s i o n  t r a c e r  e x p e r i m e n t ,  e x c e p t  

f o r  i d e a l  o r  d i l u t e  s o l u t i o n s .  I t  can  be shown from therm odynam ics

t h a t

d d i n y B
n t - — ------ = n “— ------ .A d ^nn.  B d inn^A B

( 2 . 11 )

Using  t h i s  r e l a t i o n  and e q u a t i o n s  ( 2 . 9 )  and ( 2 . 1 0 )  we a r r i v e  a t  t h e  

f o l l o w i n g  e x p r e s s i o n

6 -  ( DI nB + DBnA)  0  + ; n ^ )  ( 2 - ’

w hic h  l i n k s  t h e  t h r e e  most  commonly m easu red  d i f f u s i o n  c o e f f i c i e n t s  D, 

and Dß . I n  t h e  work p r e s e n t e d  h e r e ,  we s h a l l  u s u a l l y  r e f e r  o n l y  t o  

t r a c e r  d i f f u s i o n  c o e f f i c i e n t s  and h ence  t h e  a s t e r i s k  w i l l  be d r o p p e d .

2 . 4 .  Random walk  t r e a t m e n t  o f  d i f f u s i o n

I t  can  be shown from random walk  t h e o r y  t h a t  t h e  mean s q u a r e  

d i s p l a c e m e n t ,  (x2 ), o f  an  atom p e r f o r m i n g  a s e r i e s  o f  n e l e m e n t a r y  

jumps t o  z p o s s i b l e  n e a r e s t  n e i g h b o u r  l a t t i c e  s i t e s  i s  g i v e n  by

(X2 ) E n .x? 
j -1  J J

( 2 . 1 3 )

where  n^ i s  t h e  number o f  jumps i n  t h e  d i r e c t i o n  o f  t h e  j  n e a r e s t  

n e ig h b o u r  and x^ i s  t h e  x d i s p l a c e m e n t  o f  such a jump. I f  we d e f i n e  a 

f r e q u e n c y ,  T , by t h e  e q u a t i o n

(n j ) /T
( 2 . 1 4 )

we o b t a i n
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(x2> = T Z r X 2 (2.15)
j=1 J J

where t is the time interval over which the series of displacements 

occurs. For a random walk in the absence of driving forces, the 

diffusion coefficient is given by

(X2)
D  =  ~TT ( 2 - 1 6 )

(see for example Manning [1968]). From equations (2.15) and (2.16) we 

therefore obtain the important equation

1 zD = j E r X s . (2.17)
j=l J J

In the case of a simple cubic structure, for example, this relation 

gives

D = 7 X2r (2.18)6

where X is the jump distance and F the jump frequency.

2.5. Calculation of the jump frequency, T

There are two approaches to this problem, the equilibrium 

method based on the theory of rate processes [Glasstone, Laidler and 

Eyring, 1941] and the dynamical theory of Rice [1958].

In the equilibrium approach, it is assumed that the diffusing 

species jumps from one position to the next after surmounting a 

critical energy barrier, and that having attained this activation 

energy, it continues to the final equilibrium state. The jumps are 

treated as transitions between energy states that are sufficiently long 

lived to come into thermal equilibrium with the lattice. If the 

'activated complex' occupies a region of length 6 at the top of the 

energy barrier, its mean life-time will be 6/v , where v is the meanX X
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v e l o c i t y  o f  t h e  complexes  as  t h e y  c r o s s  t h e  b a r r i e r  i n  t h e  x d i r e c t i o n .  

The jump f r e q u e n c y  ( e q u i v a l e n t  t o  t h e  p r o b a b i l i t y  o f  an atom c r o s s i n g  

t h e  b a r r i e r )  i s

r
t  Vn x

( 2 . 1 9 )

w here  n and n  ̂ a r e  t h e  number o f  a toms i n  t h e  a c t i v a t e d  and s t a b l e  

s t a t e s  r e s p e c t i v e l y  and n_ = n * / S .  The mean v e l o c i t y ,  v , can  be c a l -
J  X

c u l a t e d  from t h e  Maxwel1-Bol tzmann law and t h e  r a t i o  n^ /n^  i s  e q u a l  t o  

t h e  r a t i o  o f  t h e  p a r t i t i o n  f u n c t i o n s  f o r  a toms i n  t h e  a c t i v a t e d  and 

s t a b l e  s t a t e s .  Upon e v a l u a t i o n ,  i t  i s  found t h a t

T = v exp(-Ag / k T )  ( 2 . 2 0 )m

w h e re  Ag i s  t h e  f r e e  e n e rg y  o f  m i g r a t i o n  and V i s  an  e f f e c t i v e  m

v i b r a t i o n a l  f r e q u e n c y  f o r  an  atom i n  an  e q u i l i b r i u m  p o s i t i o n .

The e q u a t i o n  f o r  D now becomes ,  f rom e q u a t i o n  ( 2 . 1 7 ) ,

D = 7 X2 V e x p ( -  Ag / kT) ( 2 . 2 1 )
m

where  7 i s  a  n u m e r i c a l  f a c t o r  d e t e r m i n e d  by t h e  c o r r e l a t i o n  f a c t o r  

( a c c o u n t i n g  f o r  non- random  ju m p s ) ,  t h e  number o f  n e a r e s t  n e i g h b o u r  

s i t e s  and by a s t a t i s t i c a l  f a c t o r  a c c o u n t i n g  f o r  t h e  o c c u r r e n c e  o f  

backward o r  fo rw ard  m o t i o n ,  and A i s  t h e  jump d i s t a n c e .  S i n c e

Ag = Ah - TAs 
m m m

we can  w r i t e

D = yA2 v exp (As / k )  exp (-Ah /kT)  
m m

and c o m p a r i s o n  w i t h  e q u a t i o n  ( 2 . 8 ) shows t h a t

D = 7A2 V exp(As / k )  .o ' m

( 2 . 22 )

( 2 . 2 3 )

( 2 . 2 4 )
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Vineyard [1957] has given the most general and rigorous 

treatment of the equilibrium approach, in which the jump rate, T, is 

displayed as a product of an effective frequency, V*, and an activation 

exponential, with the activation energy being the difference in poten­

tial between the equilibrium site and the top of the barrier. The 

effective frequency is given by

N N-l
V* = IT V./ IT V'. (2.25)

j= i  J j= i  J

where the V^1s are the N normal frequencies of the entire system in the 

ground state and the V^'s are the N-1 normal frequencies in the excited 

state.

In the dynamical theory, Rice [1958] has developed a formalism 

based on the actual vibrational modes of the atoms. Before an atom can 

change sites, it has to move to the saddle point at the same time that 

the restraining atoms move out of the way. It is assumed that the move­

ment of a particular atom will be that which results from the super­

position of the displacements due to the elastic waves in the region of 

the atom concerned. If the various waves occur with random phases, 

they will occasionally superimpose to give the displacements required 

for a jump. Using this analysis, an equation of the same form as 

(2.20) is obtained, but in this case the quantities which replace V and

AG are expressed in terms that can be explicitly summed. This m
procedure avoids the requirement that the activated complex be in 

thermal equilibrium with the lattice, but to simplify the mathematics 

involved, it is assumed that the forces between atoms are harmonic.

For the large displacements involved, this is not a good approximation. 

Manley [1960] has demonstrated that the activation energy may be cal­

culated directly from the atomic force constants without resorting to 

normal mode analysis. However, there has been little practical 

application of these results.
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3. Diffusion in Ionic Solids - Theory

3.1. Mechanisms of diffusion and lattice defects

In the derivation of equations (2.17) and (2.18), nothing was

said concerning mechanisms of diffusion or the availability of sites

into which the diffusing atom or ion could move. The jump process

alone was considered. If the probability of a suitable neighbouring

site being vacant is p , then we can writev -

D = 7?\2r pv . (3.1)

For an interstitial solute in a very dilute binary alloy, T is 

independent of composition and p^ is essentially unity. In general, p 

is equal to the fraction of sites vacant, n, and the calculation of 

this fraction depends on the diffusion mechanism concerned. Several 

possible mechanisms have been postulated (see, for example, Shewmon 

[1963]; Manning [1968]). The principal ones occurring experimentally 

are the vacancy, interstitial and interstitialcy mechanisms, the latter 

involving both lattice and interstitial sites. In an ionic solid, atomic 

defects fall into two categories, those which are inherent in the 

thermodynamics of the solid state and those which are specific to the 

sample considered. Inherent defects are of two types. In the simple 

case of a stochiometric compound MX, a Schottky defect consists of a 

vacant cation lattice site and a vacant anion lattice site. A Frenkel 

defect consists of an interstitial ion and a corresponding vacant 

lattice site. In order to obtain a complete expression for D, it is 

necessary to obtain equations for the concentration of these defects.
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3.1.1. Equilibrium concentration of Schottky defects

To calculate the number of Schottky defects in thermodynamic

equilibrium at a given temperature, an explicit expression for the free

energy of the crystal, AG, in terms of the number of defects must be

obtained. AG is then minimised with respect to the number of defects,

n , present at equilibrium. The configurational entropy term in AG is s
evaluated statistically using Stirling's approximation. If 2N is the 

total number of anion and cation sites and gg is the energy required to 

form one cation vacancy and one anion vacancy, it can be shown that

ng = N exp(-gg/kT) (3.2)

where n «  N (i.e. when there are relatively few defects), s

3.1.2. Equilibrium concentration of Frenkel defects

The number of Frenkel defects in a crystal is calculated in a 

similar manner to that used for Schottky defects. It can be shown that

n = -/NN' exp(-g /kT) (3.3)t t

where n^ is the number of vacant sites (and the number of associated 

interstitials), g^ is the energy to form one defect, N is the number of 

lattice sites and N' is the number of interstitial sites.

3.1.3. Equations for the diffusion coefficient
(

We can now write complete expressions for the diffusion coef­

ficient in ionic crystals for the case where intrinsic (thermally 

produced) defects are dominant. For diffusion by a vacancy mechanism, 

we obtain from equations (2.20), (3.1) and (3.2)

= 7A2V exp(-Agm/kT) exp(-gg/kT) .D (3.4)
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Using equation (2.22), this may be written as

D = yA2V exp [(As + s /2)/k] exp[-(Ah +h/2)/kT] . (3.5)m s  m s

Comparison with the Arrhenius equation (2.8) shows that the activation

energy (6) in this case is equal to Ah + h /2 and the pre-exponentialm s
factor is

D = V\2V exp[(As + s /2)/k] . (3.6)o '  m s

Similar expressions can be obtained for D in crystals where 

Frenkel defects are dominant using equations (2.20), (3.1) and (3.3).

3.2. Factors influencing defect concentrations 

3.2.1. Vacancy pairing

In ionic crystals of the type MX, the intrinsic defects are 

commonly of the Schottky type and the mass action equation governing 

their concentration is

n n = n 2 = k  (3.7)c a o s

where n and n are the mole fractions of cation and anion vacancies c a
respectively. In a pure compound these are both equal to nQ. The

equilibrium constant k is given bys

k = exp(-g /kT) . (3.8)s s

In thermal equilibrium, these relations always apply whether the 

Schottky defects are dominant or not. However, interactions between 

defects are neglected in equation (3.7) and in ionic solids, effective 

charges associated with these defects give rise to coulombic inter­

actions. This interaction can be taken into account using the Debye- 

H’uckel theory of electrolytes [Lidiard, 1 957 ] and attempts have been
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made to obtain an accurate description by Allnatt [1967].

Defect interactions are not accurately coulombic when they 

are close together and it is better to describe close pairs as distinct 

defects. The mole fraction of vacancy pairs is given by

n = z exp(-g /kT) (3.9)p p

where z is the number of distinct orientations of the pair (= 6 for an 

NaCl type lattice), and g^ is the free energy of formation of the pair. 

It should be noted that the concentration of pairs formed in this way 

is independent of the separate concentrations of single cation and 

anion vacancies (see for example, Lidiard and Tharmalingam [1959]). 

Furthermore, although they may be important in diffusion, having no net 

charge, they do not contribute to the low frequency electrical conduc­

tivity.

3.2.2. The effect of impurities

Consider now a crystal containing a mole fraction c^ of 

aliovalent impurity ions. The simplest situation and one most 

frequently studied, is that of c^ divalent cations in an alkali halide. 

Because of the need for electrical neutrality, each substituted 

divalent ion yields one cation vacancy, and the condition for 

neutrality is

n = c. + n c l a (3.10)

From equation (3.7) the concentration of cation vacancies is now given 

by

nc 2 1 + (l + 4ny (3.11)

The concentration of anion vacancies is given by
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na ^1 + 4n^/ 1 (3.12)

and is strongly suppressed by the presence of the impurity.

When n «  c., the concentration of defects is controlled by o 1
the impurity concentration alone and is essentially constant. In this 

'extrinsic' temperature range, D is given by

D = tA2V n exp(-Ag /kT) (3.13)c m

and the activation energy, 6, is equal to the enthalpy of cation

motion, Ah . In the case of a divalent impurity in NaCl, n is equal m c
to c. in equation (3.13), but for a trivalent ion in MgO, n is equal l c
to c./2.l

3.2.3. Impurity-vacancy association

Because of the effective charges on an aliovalent ion and a 

cation vacancy, there exists a coulombic attraction between them. From 

the law of mass action, the equation for the concentration, n^, of 

these stable pairs is

\ ^ nc^Ci " 1 = z exP(8k/kT) (3.14)

where z is the number of distinct orientations of the pair (= 6 in MgO 

for a tetrahedral complex or 12 for an orthorhombic complex). The 

condition for electrical neutrality is now

n = n 4- n. - n_ (3.15)c a l k

where n^ is the number of vacancies arising from an aliovalent impurity

(= c. for divalent ions in a monovalent lattice and c./2 for trivalent l l

ions in a divalent lattice). As before, long-range effects can be 

accounted for by the Debye-Hiickel theory. Higher complexes of
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i m p u r i t i e s  and v a c a n c i e s  may a l s o  o c c u r  and a r e  i m p o r t a n t  a t  low tem ­

p e r a t u r e s  and h i g h  i m p u r i t y  c o n c e n t r a t i o n s ,  e s p e c i a l l y  i n  t h e  p r e c i p i t ­

a t i o n  o f  i m p u r i t i e s  o u t  o f  s o l u t i o n  ( e . g .  Cook and Dryden [ 1 9 6 2 ] ) .  A 

f u r t h e r  p o i n t  t h a t  s h o u l d  be made i s  t h a t  i s o l a t e d  i o n s  c a n n o t  d i f f u s e  

by a v a c a n c y  mechanism u n l e s s  a ' c o m p le x '  i s  formed.  I n d e e d ,  v a c anc y  

d i f f u s i o n  can  be a p p r o a c h e d  from t h i s  p o i n t  o f  v iew ,  t h e  c r i t i c a l  

f a c t o r  b e in g  t h e  l i f e t i m e  o f  t h e  complex .

3 . 2 . 4 .  I m p u r i t y  s o l u b i l i t y

Under a p p r o p r i a t e  c o n d i t i o n s  o f  t e m p e r a t u r e  and c o n c e n t r a t i o n ,  

i t  i s  p o s s i b l e  t h a t  some o f  t h e  i m p u r i t y  p r e s e n t  i n  a g i v e n  c r y s t a l  

w i l l  p r e c i p i t a t e  t o  form a g g r e g a t e s  o f  a s e p a r a t e  p h a s e .  T h i s  w i l l  

a f f e c t  t h e  c o m p e n s a t i n g  v a c a n c y  c o n c e n t r a t i o n  and h e n c e  D. The mass 

a c t i o n  e q u a t i o n  f o r  t h e  c o n c e n t r a t i o n  o f  f r e e  i m p u r i t y  i o n s  i n  s o l u t i o n ,  

c | ,  i s

c | n c = c ! ! (c j  + na ) = e x p ( - g d/k T )  ( 3 . 1 6 )

w h e re  g .  i s  t h e  f r e e  e n e rg y  o f  s o l u t i o n .  When n «  c! a s  i s  u s u a l ,  we
Q ä  1

h a v e

c 1̂ = e x p ( - g d /2kT)  . ( 3 . 1 7 )

E q u a t i o n s  ( 3 . 1 6 )  and ( 3 . 1 7 )  a p p l y  f o r  t h e  c a s e  o f  a d i v a l e n t  i m p u r i t y  

i n  a  m onova len t  h o s t  l a t t i c e ,  e . g .  MgCl^ i n  KC1 [ L i d i a r d ,  1957] .  I n  

t h i s  c a s e ,  t h e  a c t i v a t i o n  e n e rg y  f o r  d i f f u s i o n  i n  t h e  i m p u r i t y -  

p r e c i p i t a t i o n  r a n g e  i s  Ah^ + h d/ 2 where  h d i s  t h e  e n t h a l p y  o f  s o l u t i o n .

3 . 2 . 5 .  N o n - s t o c h i o m e t r y

The re  a r e  t h r e e  ways by which  a s t o c h i o m e t r i c  im b a la n c e  can 

o c c u r  i n  a  c r y s t a l l i n e  compound, MX. S u b s t i t u t i o n  o f  some atoms o f  one
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component  i n t o  t h e  s u b l a t t i c e  o f  t h e  o t h e r  i s  sometimes  p o s s i b l e ,  

u s u a l l y  i n  t h e  c a s e  o f  an a l l o y .  A d d i t i o n a l  M or  X can  be i n c o r p o r a t e d  

i n t e r s t i t i a l l y ,  t h i s  b e i n g  a n a lo g o u s  t o  F r e n k e l  d e f e c t s  e x c e p t  t h a t  t h e  

numbers  o f  i n t e r s t i t i a l s  and v a c a n t  l a t t i c e  s i t e s  a r e  no l o n g e r  e q u a l .  

The t h i r d  way i n  which  n o n - s t o c h i o m e t r y  can  a r i s e  i s  a n a lo g o u s  t o  t h e  

S c h o t t k y  form o f  d i s o r d e r ,  w i t h  t h e  numbers  o f  M and X v a c a n c i e s  b e in g  

no l o n g e r  e q u a l .  For  a c r y s t a l  i n  c o n t a c t  w i t h  i t s  v a p o u r ,  i t  i s  

p o s s i b l e  t o  w r i t e  e q u a t i o n s  f o r  t h e  c r e a t i o n  and a n n i h i l a t i o n  o f  

v a c a n c i e s  such  as

-  M(g) + ( 3 . 1 8 )

-  X(g)  + V* ( 3 . 1 9 )

w h e re  f o l l o w i n g  Kröger  [1964 ] ,  1C r e p r e s e n t s  an e f f e c t i v e l y  n e u t r a l  M 

i o n  on a  s i t e  i n  t h e  M s u b l a t t i c e ,  M(g) i s  an M atom i n  t h e  v a p o u r  

p h a s e  and V i s  an e f f e c t i v e l y  n e u t r a l  M v a c a n c y .  A s i m i l a r  n o t a t i o n  

i s  a p p l i c a b l e  t o  t h e  X component .  V a c a n c i e s  a r e  o f t e n  more s t a b l e  i n  

t h e  i o n i s e d  s t a t e  w i t h  r e s p e c t  t o  t h e  l a t t i c e ,  such i o n i s a t i o n s  b e i n g  

r e p r e s e n t e d  as

^  =  v ; + h ’ ( 3 . 2 0 )

w h e re  i s  an M v a c a n c y  w i t h  a s i n g l e  e f f e c t i v e  n e g a t i v e  c h a r g e  and h ’ 

i s  a p o s i t i v e  h o l e .  Each o f  t h e s e  r e a c t i o n s  has  a s s o c i a t e d  w i t h  i t  a 

’h e a t  o f  r e a c t i o n ’ . N a t u r a l l y ,  b e c a u s e  t h e y  i n v o l v e  v a c anc y  c o n c e n t r a ­

t i o n s ,  r e a c t i o n s  such  a s  ( 3 . 1 8 )  and ( 3 . 1 9 )  can i n f l u e n c e  d i f f u s i o n .  

However , i f  a n i o n s  and c a t i o n s  e v a p o r a t e  i n  e q u a l  numbers ,  a s  i s  l i k e l y  

i n  MgO ( s e e  l a t e r ) ,  s t o c h i o m e t r y  i s  m a i n t a i n e d .  On t h e  o t h e r  hand ,  

r e a c t i o n s  such  as

° o  + v;  + h- ( 3 . 2 1 )
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a r e  e n c o u ra g e d  by t h e  p r e s e n c e  o f  v a r i a b l e  v a l e n c e  i m p u r i t i e s  even  i n  

s t o c h i o m e t r i c  compounds,  b u t  t h e y  need  n o t  be t h e  dominant  r e a c t i o n  

i n v o l v i n g  v a c a n c i e s .  E v id e n ce  f o r  t h i s  t y p e  o f  r e a c t i o n  i n  MgO w i l l  be 

d i s c u s s e d  l a t e r .

I t  was m en t io n e d  i n  t h e  I n t r o d u c t i o n  t h a t  O 'K e e f f e  [1961]  and 

Rovner  [1966]  had b o t h  found a p r e s s u r e  dependence  o f  t h e  a n i o n  d i f ­

f u s i o n  c o e f f i c i e n t  i n  MgO which  s u g g e s t s  t h e  p r e s e n c e  o f  oxygen  i n t e r ­

s t i t i a l s  unde r  c e r t a i n  c o n d i t i o n s .  The r e a c t i o n s  c o n c e r n e d  i n  t h i s  

c a s e  a r e

—*-
X

0 .l ( 3 . 2 2 )

—► 0! + h*
l ( 3 . 2 3 )

i o 2 ( g ) 07 + 2h *l ( 3 . 2 4 )

w here  0 . ,  Oj and 0'.' a r e  oxygens  on i n t e r s t i t i a l  s i t e s .  However , s i n c el l l
r e a c t i o n  ( 3 . 2 2 )  i s  t h e  most  l i k e l y ,  t h e  c a t i o n  v a c a n c y  c o n c e n t r a t i o n  i s  

v e r y  l i t t l e  a f f e c t e d ,  i f  a t  a l l ,  and t h i s  w i l l  n o t  be d i s c u s s e d  f u r t h e r .

3 . 3 .  D i f f u s i o n  and i o n i c  c o n d u c t i v i t y

D i f f u s i o n  may o c c u r  w i t h  b o t h  n e u t r a l  and c h a rg e d  i m p e r f e c ­

t i o n s  w he re as  c o n d u c t i o n  can  o n l y  o c c u r  t h r o u g h  c h a rg e d  d e f e c t s .  I f  

d i f f u s i o n  and c o n d u c t i o n  i n v o l v e  t h e  same d e f e c t ,  t h e  f o l l o w i n g  

e q u a t i o n  h o l d s

c q ‘

f k F ( 3 . 2 5 )

where  D^ i s  t h e  t r a c e r  d i f f u s i o n  c o e f f i c i e n t ,  cr i s  t h e  c o n d u c t i v i t y ,  q^ 

i s  t h e  e f f e c t i v e  c h a r g e  on t h e  d e f e c t  ( a  v a c a n c y  i n  t h i s  c a s e ) ,  c i s  

t h e  number o f  i o n  s i t e s  p e r  u n i t  volume and f  i s  t h e  c o r r e l a t i o n  f a c t o r .

By means o f  t h i s  e q u a t i o n  ( t h e  N e r n s t - E i n s t e i n  e q u a t i o n )  i t  i s  p o s s i b l e
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to gain some insight into the mechanisms of conduction and diffusion 

operating in a given material. However, its application to data for 

MgO has not been of much value. Diffusion coefficients calculated by 

means of equation (3.25) from conductivity data agree quite well with 

the published diffusion data, but it is apparent that conduction is not 

entirely ionic - in fact, under certain conditions the ionic transport 

number is very small. For this, and other reasons discussed later, no 

use will be made of equation (3.25) in this work except to note that if 

holes and vacancies are produced by reactions like (3.21), the oxygen 

partial pressure dependence found for conduction, should also apply to

diffusion.
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4.  The Measurement  o f  T r a c e r  D i f f u s i o n  i n  MgO

4 . 1 .  R a d i o a c t i v e  t r a c e r  and s e c t i o n i n g  t e c h n i q u e s

The u se  o f  r a d i o - i s o t o p e s  i s  a  c o n v e n i e n t  means o f  s t u d y i n g  

d i f f u s i o n  a t  n e a r - z e r o  c o n c e n t r a t i o n s .  No s i g n i f i c a n t  e r r o r  i s  

i n t r o d u c e d  i f  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  a p a r t i c u l a r  i s o t o p e  i s  

t a k e n  as  b e i n g  a p p l i c a b l e  t o  a l l  i s o t o p e s  o f  t h e  same e l e m e n t .  T h e r e  

a r e  a  number o f  methods  t h a t  can  be used  t o  d e t e r m i n e  d i f f u s i o n  

p r o f i l e s .  The s e c t i o n i n g  method i n v o l v e s  t h e  d e p o s i t i n g ,  by some means,  

o f  t h e  t r a c e r  on a  p l a n e  end f a c e  o f  wha t  can  be r e g a r d e d  as  a  s e m i ­

i n f i n i t e  p i e c e  o f  m a t e r i a l .  A f t e r  d i f f u s i o n ,  s u c c e s s i v e  t h i n  s l i c e s  o f  

m a t e r i a l ,  t h e  p l a n e s  o f  which  a r e  p a r a l l e l  t o  t h e  p l a n e  o f  t h e  o r i g i n a l  

t r a c e r  d e p o s i t  and p e r p e n d i c u l a r  t o  t h e  d i f f u s i o n  d i r e c t i o n ,  a r e  

removed and t h e i r  a c t i v i t y  m easu red .  I n  t h i s  way, a  p r o f i l e  o f  c o n c e n ­

t r a t i o n  v e r s u s  p e n e t r a t i o n  c a n  be p l o t t e d .  I n  t h i s  work ,  however ,  i t  

was found more c o n v e n i e n t  t o  m easu re  t h e  a c t i v i t y  r e m a i n i n g  i n  t h e  b u l k  

o f  t h e  c r y s t a l ,  b e c a u s e  n o t  o n l y  were  t h e  s l i c e s  removed v e r y  t h i n  

( so m e t im e s  l e s s  t h a n  1 M-m), bu t  t h e  s p e c i f i c  a c t i v i t i e s  i n  s e v e r a l  

e x p e r i m e n t s  were  v e r y  low. T h i s  p r o c e d u r e  l e a d s  t o  i n t e g r a t e d  d i f f u s i o n  

p r o f i l e s .  At any d e p t h ,  x ' ,  f rom t h e  o r i g i n a l  s u r f a c e ,  t h e  a c t i v i t y  

r e m a i n i n g  i s  g i v e n  by

A ( x ' )  = f  c ( x )  dx . ( 4 . 1 )
Jx '

T h i s  i s  v a l i d  f o r  a g i v e n  a n n e a l i n g  t i m e ,  t ,  when t h e  c o n s t a n t  o f  

p r o p o r t i o n a l i t y  be tw een  c o u n t  r a t e  and c o n c e n t r a t i o n  h a s  been  o m i t t e d .

At  x 1 = o we have

A(o) c ( x ) dx . ( 4 . 2 )
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It is convenient to consider a 'fractional activity remaining' F(x') 

given by

The concentration function is given by either equation (2.5) or 

equation (2.6), depending on the solubility of the tracer material in 

the host lattice (see section 2.1.). Substituting equation (2.5) into 

(4.3) gives

whence it can be shown [de Bruin and Watson, 1964; Harding, 1967a] that

dropped. Therefore, plotting erfc F(x) against penetration distance,

It should be pointed out that in this case, the denominator (s A(o)) is 

not the initial activity recorded from the crystal before sectioning 

begins, but the point where the extrapolated experimental plot of A(x) 

vs. x cuts the x = o axis. It represents the count rate from the total 

amount of material in solid solution after annealing of the crystal.

The denominator on the right of equation (4.6) is again a standard

00

c(x) dx
F(x') = (4.3)

c(x) dx
o

00

F(x') = (4.4)

o

F(x) = erf c(x/2-/Dt) (4.5)

where 'erfc' is the error function complement and the primes have been
-1

x, gives a straight line of slope 1/2-/ot from which D is obtained.

Similarly, insertion of (2.6) into (4.3) yields
00

F(x') = (4.6)

o

integral and it can be shown that
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F(x) = 1.772 ierfc(x/2V^t") (4.7)

where 'ierfc' is the integrated error function complement. A graph of 

ierfc  ̂ F(x)/1 .772 vs. x gives a straight line of slope 1/2V/Dt" and D

can be found.

So far it has been assumed that the absorption of radiation 

in MgO is negligible. This is indeed so for many isotopes over the 

penetration distances involved. Where absorption is significant, the 

Gruzin [1952] method can be used to obtain D. The contribution to the 

activity remaining from a slice of thickness dx after material has been 

removed to a distance x^ from the original surface is given by

dA = Kc(x) exp[-p.(x - x )] dx (4.8)

where K is a constant relating activity to concentration, p. is the 

absorption coefficient for the radiation concerned and absorption is 

assumed to be exponential. The total activity remaining is then given by

A = K n c(x) exp[-p.(x - x )] dx .n (4.9)

Evaluation of the integral (see for example, Adda and Philibert [1966]) 

leads to the equation

An - ^  ■ ( , ) c(xn> •n x /

We can write a normalised corrected activity at a penetration distance 

x as

f (x) =
A(x)

A(o)

1 dA(x) 
p. dx 
1_ c)A(o) 
p. dx

If c(x) is given by equation (2.5) then (4.10) becomes

f (x)

(4.11)

exp(-x2/4Dt) (4.12)
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and a g raph  o f  l o g  f ( x )  a g a i n s t  x 2 g i v e s  a l i n e  o f  s l o p e  - 1 /4 D t  and 

hence  D i s  o b t a i n e d .  S i m i l a r l y ,  s u b s t i t u t i n g  e q u a t i o n  ( 2 . 6 )  i n t o  ( 4 . 1 0 )  

l e a d s  t o

f ( x )  = e r f  c (x /2 - /D t )  ( 4 . 1 3 )

and p l o t t i n g  e r f c   ̂ f ( x )  a g a i n s t  x w i l l  e n a b l e  D t o  be c a l c u l a t e d .

For  most  o f  t h e  t r a c e r s  u s e d  i n  t h i s  work ( s e e  s e c t i o n  4 . 2 . 2 . )

P- i s  s m a l l  and p-A can  be n e g l e c t e d  i n  c o m p a r i s o n  w i t h  c)A / dx .n r n n

E q u a t i o n s  ( 4 . 5 )  and ( 4 . 7 )  s a t i s f a c t o r i l y  d e s c r i b e  t h e  e x p e r i m e n t a l  d a t a .  

E q u a t i o n  ( 4 . 1 0 )  was u sed  f o r  Ni -63 and Ca-45 ,  a l t h o u g h  t h e  s e co n d  t e r m  

on t h e  l e f t  hand s i d e  i s  s m a l l  f o r  n i c k e l  (p. ~ 5000 cm ^ ) and an e r r o r  

o f  o n ly  a b o u t  5°]o i s  i n t r o d u c e d  i n t o  D i f  i t  i s  n e g l e c t e d  a l t o g e t h e r .

4 . 2 .  M a t e r i a l s  and a p p a r a t u s

4 . 2 . 1 .  Magnesium o x i d e  s i n g l e  c r y s t a l s

Magnesium o x i d e  h a s  t h e  r o c k - s a l t  s t r u c t u r e ,  t h a t  i s ,  i t  c o n ­

s i s t s  o f  two f a c e - c e n t r e d  c u b i c  s u b l a t t i c e s .  The l a t t i c e  p a r a m e t e r  i s  

o
4 .2  A, so t h a t  t h e  s h o r t e s t  jump d i s t a n c e  be tw een  two s i t e s  i n  e i t h e r

o
s u b l a t t i c e  i s  2 .9 5  A. The s i n g l e  c r y s t a l s  c l e a v e  most  e a s i l y  i n  t h e  

[100]  p l a n e s .

The m a t e r i a l  u sed  i n  t h i s  work was o b t a i n e d  from two s o u r c e s .

A few c r y s t a l s  were  s u p p l i e d  by t h e  M o n o c r y s t a l s  Co . ,  C l e v e l a n d ,  Ohio,  

i n  t h e  form o f  r i g h t  c y l i n d e r s  i n  d i a m e t e r  and l o n g ,  t h e  end 

f a c e s  b e i n g  [100]  p l a n e s .  The b u l k  o f  t h e  MgO was s u p p l i e d  by V e n t ron  

E l e c t r o n i c s ,  B r a d f o r d ,  P e n n s y l v a n i a ,  a s  r e c t a n g u l a r  b l o c k s  s e v e r a l  

c e n t i m e t r e s  long  by 1 cm c r o s s  s e c t i o n ,  t h e  f a c e s  a g a i n  b e in g  [100] 

c l e a v a g e  p l a n e s .  Both s u p p l i e r s  c l a i m e d  9 9 . 9 9 °j0 nom in a l  p u r i t y .  However, 

i n  view o f  t h e  i m p o r t a n c e  o f  i m p u r i t i e s  i n  d i f f u s i o n  p r o c e s s e s ,  samples  

o f  bo th  t y p e s  o f  c r y s t a l  were  a n a l y s e d  by t h e  C h e m is t ry  D i v i s i o n  o f  t h e



Australian Atomic Energy Commission. Table 4.1 shows the results of 

this analysis (in mole ppm) together with data for material from other 

suppliers [see Wuensch et al., 1972]. It can be seen that there was 

very little difference between the Ventron and Monocrystals samples and 

that the major aliovalent impurity present was iron. Electron spin
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Table 4.1. Analysis of MgO single crystals from 
various sources, giving impurities present 
in mole ppm (divalent elements excluded)

Impurity Mole fraction (ppm)
element ' V M N S

Na 15 20 30 30
Al 20 30 30 20
Si 3 11 50 5
S 15 8
Cl 7 14
K 4 4 7 7
Cr 6 8 4 2
Mn 4 5 9 1
Fe 85 85 128 21
Zr 3

Estimated 
cation vac. 
concn.

60 60 120 10

V - Ventron Electronics Corp.
M - Monocrystals Co.
N - Norton Co.
S - W. and C. Spicer Ltd.

resonance measurements (by Dr. R. Bramley of the Research School of
3+Chemistry, ANU) confirmed the presence of 85 ppm iron with the Fe :

2+Fe ratio equal to approximately 10:1. These measurements also
4+indicated 15 ppm Mn in the Ventron material rather than the 4 ppm

quoted in Table 4.1.
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Dislocation densities in the Monocrystals MgO have been dis­

cussed in earlier work [Harding, 1967a] and appear to be somewhat high 

(~ 107 per cm2) probably because of the obvious use of core-drilling to 
produce the cylindrical samples. The extent of such damage in the 

Ventron material is unknown, but it could have been smaller as the 

samples had been cleanly cleaved from the bulk, rather than drilled.

The influence of dislocations on diffusion in MgO will be discussed 

later.

4.2.2. The precision grinder

A grinder of the simplest design gave good results and pene­

tration distances of 10-20 pm could be handled easily. In some cases, 
where annealing was carried out at relatively low temperatures, -/Dt was 

only about 1-2 pm. The grinder is shown in figure 4.1. It consisted 
of an accurately machined cylinder and a close fitting piston. The 

latter was held in place by a guide pin running in a groove along its 

length. The cylinder was about 6.5 cm in diameter and its end faces 

and those of the piston were parallel to within 5 pm over this distance. 

The sample to be sectioned was attached to one end face of the piston 

with metallurgical mounting plastic (North Hill Plastics, London) which 
was soluble in chloroform. Sections were removed by working the grinder 

assembly against plate glass using 1 p diamond paste as an abrasive.
The section thickness was measured using a dial gauge and was usually 

in the range 0.5-3.0 pm depending on the total penetration expected.

For a crystal side of about 0.4 cm, the diffusion face could be set 
parallel to the glass with an accuracy of better than 0.05<j0. In other 
words, sections removed were perpendicular to the diffusion direction 

to this accuracy. In a number of cases, the diffusion face was no 

longer accurately flat after annealing and this led to misalignment
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F i g u r e  4 . 1 .  A d i a g r a m m a t i c  r e p r e s e n t a t i o n  o f  t h e  s t e e l  p r e c i s i o n  

g r i n d e r  u sed  f o r  s e c t i o n i n g  d i f f u s e d  MgO s a m p le s .

A - p i s t o n ;  B - c y l i n d e r ;  C - m ounting  p l a s t i c ;  D - MgO c r y s t a l ;  

E - g l a s s  p l a t e .
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when t h e  s a m p l e  was m oun ted  on t h e  g r i n d e r  p i s t o n .  M i s a l i g n m e n t s  

g r e a t e r  t h a n  2 M- w e r e  n o t  a c c e p t e d  b e c a u s e  t h e s e  i n v o l v e d  d i s t a n c e s  

t h a t  c o u l d  a p p r o a c h  / Ö t .

4 . 2 . 3 .  R a d i o a c t i v e  t r a c e r s  and  d e t e c t i o n  e q u i p m e n t

I f  a n  i s o t o p e  i s  t o  b e  u s e f u l  i n  d i f f u s i o n  w o r k ,  i t s  h a l f -  

l i f e  s h o u l d  be  s u f f i c i e n t l y  l o n g ,  i t  s h o u l d  b e  a v a i l a b l e  i n  h i g h  

s p e c i f i c  a c t i v i t y  a n d  i t  m u s t  h a v e  a  c h a r a c t e r i s t i c  r a d i a t i o n  t h a t  c a n  

b e  s e p a r a t e d  f r o m  t h a t  o f  a n y  a c t i v e  d a u g h t e r s  p r o d u c e d .  I n  some 

c a s e s ,  t h e  r a d i a t i o n  f r o m  t h e  d a u g h t e r  c a n  b e  u s e d .  T a b l e  4 . 2  l i s t s  

d e t a i l s  o f  t h e  t r a c e r s  u s e d  i n  t h i s  s t u d y .

T a b l e  4 . 2 .  D e t a i l s  o f  t h e  r a d i o a c t i v e  t r a c e r s  u s e d  
i n  t h e  d i f f u s i o n  s t u d i e s  r e p o r t e d  i n  t h i s  t h e s i s

T r a c e r R a d i a t i o n
c o u n t e d fcl / 2

T o t a l
a c t i v i t y

S p e c i f i c
a c t i v i t y S u p p l i e r

Mg-28 7 21 .3 h 0 . 1 2 mCi 4 m C i/g AAEC

Be-7 7 53 d 1 mCi C .F . RCC

Ba-133 7 10 y 10 C i / g NEN

C a-4 5 ß 164 d 1 mCi 8 C i / g RCC

Cd-115m ß 43 d 1 mCi 0 . 3  C i / g RCC

Ge-68 a n n i h 11. y 270 d 0 . 5 mCi C .F . NEN

N i - 6 3 ß 125 y 20 mCi 5 C i / g ORNL

C .F .
AAEC
RCC
NEN
ORNL

C a r r i e r  f r e e
A u s t r a l i a n  A to m ic  E n e r g y  C om m iss ion  
R a d i o c h e m i c a l  C e n t r e ,  Amersham 
New E n g l a n d  N u c l e a r ,  B o s t o n ,  Mass .
Oak R i d g e  N a t i o n a l  L a b o r a t o r y ,  T e n n e s s e e

I t  w i l l  be  n o t e d  t h a t  t h e  o n l y  t r a c e r  a v a i l a b l e  f o r  m e a s u r e ­

m e n t s  o f  c a t i o n  s e l f - d i f f u s i o n  i n  MgO i s  Mg-28 w i t h  a  h a l f - l i f e  o f  2 1 . 3  

h o u r s .  F o r t u n a t e l y ,  t h i s  t r a c e r  was o b t a i n a b l e  f r o m  t h e  I s o t o p e  

D i v i s i o n  o f  t h e  A u s t r a l i a n  A to m ic  E n e r g y  C o m m iss io n  and c o u l d  t h e r e f o r e
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be i n  u se  i n  t h i s  l a b o r a t o r y  o n l y  a few h o u r s  a f t e r  p r o d u c t i o n .  

P r e c i s i o n  g r i n d i n g  methods m in im is e d  a n n e a l i n g  t i m e s ,  b u t  even s o ,  many 

b a t c h e s  o f  t r a c e r  w ere  r e q u i r e d  t o  o b t a i n  s u f f i c i e n t  d a t a  ove r  a w ide  

t e m p e r a t u r e  r a n g e .  The d e t a i l s  g i v e n  f o r  Mg-28 i n  T a b l e  4 . 2  r e f e r  t o  a 

t y p i c a l  d e l i v e r y .

A s i n g l e  c h a n n e l  gamma s p e c t r o m e t e r  was used  f o r  t h e  d e t e c ­

t i o n  o f  t r a c e r s  e m i t t i n g  gamma r a y s  and a  G e i g e r - M ü l l e r  end window 

c o u n t e r  f o r  t h e  c o u n t i n g  o f  b e t a - r a d i a t i o n .  These  sy s te m s  were a s s e m ­

b l e d  from i n t e r c h a n g e a b l e  modules  m a n u f a c t u r e d  by C a n b e r r a  I n d u s t r i e s  

( ' 1 4 0 0 '  s e r i e s )  and ORTEC ( ' 4 0 0 '  s e r i e s )  a c c o r d i n g  t o  t h e  U n i t e d  S t a t e s  

Atomic Energy  C o m m iss ion 's  N.I .M. s p e c i f i c a t i o n s .  The s c i n t i l l a t i o n  

d e t e c t o r  i n c l u d e d  a 2" X 2" t h a l l i u m - a c t i v a t e d  sodium i o d i d e  

c r y s t a l  w h i l e  t h e  G-M t u b e  was h a l o g e n  quenched  and o p e r a t e d  a t  a c o n ­

v e n i e n t  550 V. Samples were  s h i e l d e d  from background  r a d i a t i o n  w i t h  a 

comm erc ia l  l e a d  c a s t l e  m a n u f a c t u r e d  by ECKO and m o d i f i e d  t o  a c c e p t  t h e  

d e t e c t o r  and g r i n d e r  p i s t o n  w i t h  t h e  MgO c r y s t a l  a t t a c h e d .  A s e l e c t i o n  

o f  s t a n d a r d  s o u r c e s  was a v a i l a b l e  w i t h  which t o  c a l i b r a t e  t h e  s p e c t r o ­

m e t e r ,  i n c l u d i n g  Ba-133 ,  Be-7 ,  Cs-137 and Co-60.  C o u n t in g  was done  i n  

an  a i r - c o n d i t i o n e d  room and once  t h e  equ ipm ent  was c a l i b r a t e d ,  i t  

p roved  u n n e c e s s a r y  t o  make any f u r t h e r  a d j u s t m e n t  d u r i n g  a g i v e n  

e x p e r i m e n t .  A s t a n d a r d  was u s e d ,  however ,  t o  c heck  t h a t  no d r i f t i n g  

o c c u r r e d  and t o  c o r r e c t  f o r  r a d i o a c t i v e  de c ay  i n  t h e  c a s e  o f  r e l a t i v e l y  

s h o r t - l i v e d  t r a c e r s .

4 . 2 . 4 .  F u r n a c e s  and t e m p e r a t u r e  measurement

For  p r e - a n n e a l i n g s  and t h e  o c c a s i o n a l  d i f f u s i o n - a n n e a l i n g  a t  

t e m p e r a t u r e s  up t o  1250 °C, a ' K a n t h a l '  wound e l e c t r i c a l  r e s i s t a n c e  

f u r n a c e  m a n u f a c t u r e d  by A.D.A.M.E.L.  ( P a r i s )  was u s e d .  The t e m p e r a t u r e  

i n  t h e  h o t  zone o f  t h i s  f u r n a c e  c o u ld  be c o n t r o l l e d  t o  w i t h i n  one
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d e g r e e  by t h e  e x p a n s i o n  and c o n t r a c t i o n  o f  a rod s e t  i n t o  t h e  fo rm e r  on 

which  t h e  e l e m e n t  was wound. For  t e m p e r a t u r e s  up t o  1750 °C,  two 

J o h n s o n -M a t t h e y  p l a t i n u m - r h o d i u m  wound r e s i s t a n c e  f u r n a c e s  ( t y p e  TK2) 

w ere  u s e d .  One was c o n t r o l l e d  by a Cambridge t w o - s t e p  i n d i c a t o r -  

c o n t r o l l e r  u s i n g  a P t - P t / 1 0 $ ,  Rh t h e r m o c o u p l e  as  s e n s o r ,  t h e  o t h e r  by a 

Leeds and N o r t h r u p  ' R a yo tube '  t o t a l  r a d i a t i o n  p y r o m e te r  c o u p l e d  t o  a 

Leeds  and N o r t h r u p  'H'  t y p e  c o n t r o l l e r - r e c o r d e r .

T e m p e r a t u r e s  up t o  1500 °C were  measured  i n d e p e n d e n t l y  o f  t h e  

f u r n a c e  c o n t r o l  u n i t s  u s i n g  a Leeds and N o r t h ru p  p o t e n t i o m e t e r  ( t y p e  

K-3) and Pt -P t /10$> Rh t h e r m o c o u p l e s .  For  r e a d i n g s  up t o  1 750 °C,  a 

P t / 5$, Rh - Pt/20$> Rh t h e r m o c o u p l e  was employed.  A c o n t i n u o u s  r e c o r d  

was a l s o  k e p t  w i t h  a  m u l t i c h a n n e l  r e c o r d e r  (Leeds  and N o r t h r u p ,  t y p e  W). 

Sunv ic  CJ1 e l e c t r i c  c o l d  j u n c t i o n s  w ere  used  t o  e l i m i n a t e  t h e  e f f e c t s  

o f  a m bien t  t e m p e r a t u r e  v a r i a t i o n s .  A l l  t h e r m o c o u p l e s  and t h e  p o t e n t i o ­

m e te r  were  c a l i b r a t e d  i n i t i a l l y  by t h e  N a t i o n a l  S t a n d a r d s  L a b o r a t o r y ,  

Sydney.  ( S u b s e q u e n t l y ,  some t h e r m o c o u p l e s  were  c a l i b r a t e d  a t  t h e  g o l d  

p o i n t  i n  t h i s  l a b o r a t o r y . )  The a c c u r a c i e s  q u o t e d  were  g e n e r a l l y  0.2$, 

f o r  t h e  t h e r m o c o u p l e s  and 0.1$, f o r  t h e  p o t e n t i o m e t e r  r e a d i n g s .  ( T h i s ,  

o f  c o u r s e ,  was n o t  t h e  a c c u r a c y  t o  which  t h e  t e m p e r a t u r e  f o r  a c o m p l e t e  

d i f f u s i o n  r u n  c o u l d  be m e a s u r e d . )

For  d i f f u s i o n  a n n e a l i n g s  up t o  2500 °C, a  f u r n a c e  made by 

Spembly T e c h n i c a l  P r o d u c t s ,  L td .  ( K e n t ,  Eng land)  was u s e d ,  w i t h  m in or  

m o d i f i c a t i o n s .  A d i a g r a m  o f  t h e  f u r n a c e  a s se m b ly  i s  shown i n  f i g u r e  

4 . 2 .  I t  c o n s i s t e d  o f  two p a r t s ,  a w a t e r - c o o l e d ,  s t a i n l e s s  s t e e l  b a s e  

and a g r a p h i t e  i n s u l a t e d  hood.  W a t e r - c o o l e d  e l e c t r o d e s  p a s s e d  t h r o u g h  

t h e  b a s e  and s u p p o r t e d  a t u b u l a r ,  s l o t t e d  g r a p h i t e  e lem en t  mounted i n  a 

v e r t i c a l  p o s i t i o n .  T h i s  e l e m e n t  was clamped i n  p o s i t i o n  w i t h  an  i n s u l a t ­

i n g  c e ra m ic  cone .  The hood c o n s i s t e d  o f  a vacuum v e s s e l  w i t h  a w a t e r -  

c o o le d  o u t e r  j a c k e t  and an i n n e r  g r a p h i t e  l i n i n g  c o n t a i n i n g  g r a p h i t e
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Figure 4.2. Diagram of Spembly furnace (graphite element version).

A - top sighting port; B - radiation shields; C - water jackets; 
D - graphite element; E - side sighting port; F - relief valve;
G - hose adaptors; H - baseplate; J - graphite insulation;
K - graphite liner; L - radiation shields; M - ceramic cone.
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d u s t  i n s u l a t i o n .  A s i g h t  t u b e  was p r o v i d e d  a t  t h e  s i d e ,  t h r o u g h  t h e  

i n s u l a t i o n  and c a s i n g ,  so t h a t  t h e  main g r a p h i t e  c r u c i b l e  c o u ld  be 

v iewed  when i n  p o s i t i o n  i n  t h e  h o t  zone .  A r em ovab le  l o a d i n g  p o r t  a t  

t h e  t o p  i n c l u d e d  a second  s i g h t i n g  f a c i l i t y  and a h o l e  t h r o u g h  which  a  

t h e r m o c o u p l e  c o u ld  be s e a l e d .  The hood c o u ld  be purged  c o n t i n u a l l y  

w i t h  a s low f low o f  a r g o n  ( a b o u t  200 ml p e r  m in u t e )  wh ich  e n t e r e d  n e a r  

t h e  s i d e  s i g h t i n g  p o r t .  The f low o f  gas  away from t h e  s i l i c a  s i g h t i n g  

window p r e v e n t e d  c o n d e n s a t i o n  o f  g r a p h i t e  o n to  t h i s  window when r u n n i n g  

a t  v e r y  h i g h  t e m p e r a t u r e s .

I n  p l a c e  o f  t h e  t o p  s i g h t i n g  p o r t ,  a l o a d i n g  d e v i c e  c o u ld  be 

f i t t e d  c o n t a i n i n g  a  chamber s e p a r a t e d  from t h e  body o f  t h e  f u r n a c e  by a 

vacuum t i g h t  g a t e  v a l v e .  T h i s  e n a b l e d  d i f f u s i o n  c o u p l e s  to  be lowered  

i n t o  t h e  f u r n a c e  when i t  was a l r e a d y  a t  t e m p e r a t u r e .  S e v e r a l  s u c c e s s i v e  

a n n e a l i n g s  c o u ld  t h e r e f o r e  be c o n d u c te d  w i t h o u t  t h e  need f o r  c o o l i n g  t h e  

f u r n a c e  and r e p e a t i n g  t h e  p r e l i m i n a r y  p r o c e d u r e  f o r  e v e r y  sample .

Vacuum l i n e s  were  f i t t e d  so t h a t  t h e  l o a d i n g  chamber c o u ld  be e v a c u a t e d  

and purged  w i t h  a rg o n  i n d e p e n d e n t l y  o f  t h e  main f u r n a c e .

An a l t e r n a t i v e  form o f  t h e  f u r n a c e  i s  shown i n  f i g u r e  4 . 3 .

I n  t h i s  c a s e ,  no i n s u l a t i o n  was used  i n s i d e  t h e  w a t e r - c o o l e d  hood and a 

P enn ing  t y p e  i o n i s a t i o n  gauge  c o u ld  be f i t t e d .  The e l e c t r o d e s ,  a g a i n  

w a t e r - c o o l e d ,  were  p o s i t i o n e d  v e r t i c a l l y ,  s u p p o r t i n g  from t h e  t o p  an 

e le m en t  made from t u n g s t e n  s t r i p s  r i v e t e d  a t  e i t h e r  end t o  a t a n t a l u m  

f o rm e r .  A number o f  c y l i n d r i c a l  r a d i a t i o n  s h i e l d s  c o n s t r u c t e d  from 

t a n t a l u m  and molybdenum s h e e t s  e n c a s e d  t h e  e l e m en t  t o  m in im is e  h e a t  

l o s s e s  t o  t h e  b a s e  and hood.  As b e f o r e ,  p r o v i s i o n  was made f o r  s i g h t i n g  

t h e  c h a r g e  from b o th  t h e  t o p  and t h e  s i d e  and a c h a n n e l  i n  t h e  t o p  

r a d i a t i o n  s h i e l d s  p e r m i t t e d  a c c e s s  t o  t h e  h o t  zone f o r  a t h e r m o c o u p l e .  

The f u r n a c e  i n  t h i s  form was c a p a b l e  o f  a c h i e v i n g  2400 °C under  10  ̂

t o r r .  H e a t - u p  t im e  was v e ry  r a p i d  and t h i s  p roved  u s e f u l  f o r  

p r e l i m i n a r y  t e m p e r a t u r e  c a l i b r a t i o n s .
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Figure 4.3. Diagram of Spembly furnace (tungsten element version).
A - top sighting port; B - radiation shields; C - water jackets; 
D - tungsten element; E - side sighting port; F - penning gauge; 
G - hose adaptors; H - baseplate.
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To make a c c u r a t e  t e m p e r a t u r e  m easurem ents  and t o  c o n t r o l  t h e  

f u r n a c e  t e m p e r a t u r e ,  an a t t a c h m e n t  was made t o  f i t  t h e  s i d e  s i g h t i n g  

t u b e  which i n c l u d e d  a g l a s s  s p l i t t e r  s e t  a t  45°  t o  t h e  a x i s  o f  t h e  t u b e .  

R a d i a t i o n  p a s s i n g  d i r e c t l y  t h r o u g h  t h e  s p l i t t e r  was u s e d  t o  m easu re  t h e  

f u r n a c e  t e m p e r a t u r e  w i t h  a Leeds  and N o r t h r u p  o p t i c a l  p y ro m e te r  ( t y p e  

8632-C) wh ich  had been  c a l i b r a t e d  by t h e  N a t i o n a l  S t a n d a r d s  L a b o r a t o r y ,  

Sydney.  The f r a c t i o n  o f  t h e  r a d i a t i o n  t u r n e d  t h r o u g h  90° was s e n s e d  by 

a s i l i c o n  p h o t o c e l l  ( m a n u f a c t u r e d  by Land) .  The e . m . f .  o u t p u t  f rom t h i s  

c e l l  was f e d  t o  a p r o p o r t i o n a l  i n d i c a t i n g  t e m p e r a t u r e  c o n t r o l l e r  w h ich  

r e g u l a t e d  t h e  amount  o f  power r e q u i r e d  t o  m a i n t a i n  a p r e - s e t  t e m p e r a ­

t u r e .  The a m p l i f i e d  o u t p u t  f rom t h i s  i n s t r u m e n t  was u s e d  as  t h e  

c o n t r o l  c u r r e n t  f o r  a s a t u r a b l e  r e a c t o r  s u p p l y i n g  a maximum o f  12 KVA 

a t  25 V t o  t h e  g r a p h i t e  o r  t u n g s t e n  e le m en t  v i a  a t r a n s f o r m e r .  Manual  

c o n t r o l  was a l s o  p o s s i b l e  u s i n g  a c o n t i n u o u s l y  v a r i a b l e  a u t o - t r a n s f o r m e r  

t o  c o n t r o l  t h e  c u r r e n t  t o  t h e  s a t u r a b l e  r e a c t o r .

I n  p r a c t i c e  i t  was foünd t h a t  t h e  a u t o m a t i c  p r o p o r t i o n a l  c o n ­

t r o l l e r  o v e r - c o m p e n s a t e d  when a r e l a t i v e l y  c o ld  c r u c i b l e  was lo w e re d  

i n t o  t h e  h o t  zone .  T h i s  o v e r l o a d e d  t h e  s u p p l y  l i n e .  For  t h i s  r e a s o n ,  

manual  c o n t r o l  was p r e f e r r e d ,  p a r t i c u l a r l y  when w o rk in g  a t  v e r y  h i g h  

t e m p e r a t u r e s  ( i . e .  n e a r  maximum power ) .  F u r t h e r m o r e ,  t h e  e q u i l i b r i u m  

t e m p e r a t u r e  c o u ld  be a c h i e v e d  more r a p i d l y  i n  t h i s  manner .  Good c o n ­

t r o l  was p o s s i b l e  by c o n t i n u o u s l y  m o n i t o r i n g  t h e  o u t p u t  o f  t h e  s i l i c o n

o
p h o t o c e l l  on a c h a r t  r e c o r d e r .  With p r a c t i c e ,  an a c c u r a c y  o f  ± 5 C 

c o u ld  be m a i n t a i n e d .  T h i s ,  i n  f a c t ,  was b e t t e r  t h a n  t h e  c a l i b r a t i o n  

a c c u r a c y  o f  t h e  p y r o m e t e r .

4 . 3 .  Problems e n c o u n t e r e d  a t  u l t r a - h i g h  t e m p e r a t u r e s  

4 . 3 . 1  . E v a p o r a t i o n  o f  magnesium o x i d e

The v a r i o u s  thermodynamic  q u a n t i t i e s  i n v o l v e d  i n  t h e
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thermochemical cycle

MgO(g)

1 ^sub 
MgO(s)

have been reviewed by Schofield [1967] and Brewer and Rosenblatt [1969]. 
Details of the total vapour pressure of MgO and the composition of the 

vapour over a wide temperature range have been given by Kulikov [1966] 

and his data are reproduced in figure 4.4. It is apparent that, at the 
highest temperatures, evaporation occurs mainly to gaseous MgO. In any 

case, it is considered that equal numbers of Mg and 0 atoms are likely 

to leave the crystal surface at all temperatures, except when traps for 
electrons and holes are present in sufficient numbers (see section 

3.2.5). We now consider the problem of loss of material from the 
surface layers of a diffusion couple, which could result in measured 

penetration distances that are too small.

A preliminary experiment was carried out to check the extent 
of weight loss of an MgO single crystal sample at 2000 °C in the 

graphite element-argon atmosphere form of the Spembly furnace. The 

result is shown in figure 4.5 where percentage weight loss is plotted 
against time. The initial rapid loss was, presumably, due to a 

preferential evaporation from the edges of the cubic sample. After a 

period of about 40 minutes, the weight loss became linear with time and 
amounted to about 0.07̂ > per minute. This was equivalent to the removal 

of about 0.3 pm per minute from the six faces of the cube. Since 

annealing times at this temperature were usually between 15 and 30 

minutes, it was clearly desirable to reduce this loss of material. 

Furthermore, loss rates at higher temperatures could be expected to be

AHsub

Mg(g) + 0

1 d]
Mg(s) + |02

AH.
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30002000
temperature

1000

F i g u r e  4 . 4 .  The t o t a l  p r e s s u r e  o f  v a p o u r  and i t s  c o m p o s i t i o n  i n

e q u i l i b r i u m  w i t h  s o l i d  MgO f o r  t e m p e r a t u r e s  o f  600 - 3000 °C [ a f t e r  

K u l i k o v ,  1966] .
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F i g u r e  4 . 5 .  The r a t e  o f  e v a p o r a t i o n  o f  MgO s i n g l e  c r y s t a l  e xposed  t o  

t h e  r e d u c i n g  a t m o s p h e r e  o f  t h e  Spembly f u r n a c e  a t  2000 °C.
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considerably greater. The main reason for these evaporation rates was 

thought to be continuous vapour phase reduction in the non-equilibrium 

conditions created by the argon gas flow around the crystal. The 

prevention of this evaporation using the technique of embedding the 

single crystal in pressed MgO powder [Wuensch et al., 1972] was found 

to be impracticable, because the polycrystalline material shrank on 

sintering exposing the single crystal again. Therefore, containers 

were made, in which the diffusion couples could be placed, by cold 

pressing and sintering MgO powder.

The tool used is shown in figure 4.6. It consisted of a 

barrel with a removable base plate, and a piston. A 5° taper was 

machined into the base of the barrel and a relieving groove cut into 

the piston behind the pressing face to avoid jamming. Some preliminary 

drying and compacting of the MgO powder was necessary to increase the 

particle size. For the final pressing, about 30 grams of powder were 

loaded into the tool and subjected to a pressure of 10 tons per square 

inch. Higher pressures appeared to produce very little further 

decrease in volume. The base plate was then removed and the exposed 

pellet was drilled in situ to a depth of §" using a tungsten carbide 

tipped drill. A recess was turned in the lip of the hole to take the 

container lid. This lid was produced in a similar manner using a 

smaller tool. After machining, the container was pushed from the 

barrel and, with the lid, was sintered in an argon atmosphere by heat­

ing to 1700 °C over 1| hours, followed by a further one hour at this 

temperature. Considerable shrinking occurred, but by careful control 

of the pressing and sintering conditions, it proved possible to produce 

a sufficient number of containers and lids for the high temperature 

diffusion programme. After cooling and removal from the furnace, the 

lid was ground into the container to produce a close fit.
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Figure 4.6. Tool for pressing MgO powder in the production of 
crucibles for high temperature diffusion studies.

A - extension tube; B - piston; C - barrel; D - relieving groove; 
E - taper; F - MgO compact; G - spacer; H - baseplate.
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The evaporation check was then repeated, again at 2000 °C,

with the single crystal cube enclosed in the magnesia container just

described. This time no weight loss was detectable (< 0.0001 gm). The

same result was obtained even after ten minutes at 2640 °C. Using the

highest vapour pressures reported for 2400 °C (4 X 10  ̂ atm.) and

assuming equilibrium conditions existed inside the magnesia crucible,
oit was calculated that the evaporation of a layer only 40 A thick over 

the surface of the crystal was sufficient to saturate the free space in 

the container. This also assumed that no vapour was contributed by the 

polycrystalline container itself. Naturally, the equilibrium between 

the crystal and its surroundings was dynamic in nature, but it was con­

sidered safe to conclude that the effect of vaporisation on diffusion 

profiles could be neglected, provided that there was a good fit between 

the magnesia container and its lid.

4.3.2. Preliminary temperature checks

The arrangement used for temperature checks in the Spembly 

furnace is shown in figure 4.7. A magnesia crucible was placed inside 

the main graphite crucible (to be used when lowering samples into the 

hot furnace during actual diffusion runs) supported on a graphite block 

inside the furnace element. A hole drilled in this block to a depth of 

about six times its diameter (^") was arranged so that it could be 

viewed from the side sighting window with a pyrometer. Such a hole can 

be regarded as a black body radiator. The cap of the magnesia con­

tainer was left off and inside was placed a segment of graphite, which 

could be used as a target for temperature measurements from the top 

sighting window. A thermocouple was inserted through the top of the 

furnace hood and its tip placed adjacent to this graphite segment.
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A

V

F i g u r e  4 . 7 .  C r u c i b l e  and t a r g e t  a r r a n g e m e n t  u sed  f o r  t e m p e r a t u r e  

c h e c k s  and c a l i b r a t i o n  a t  v e r y  h i g h  t e m p e r a t u r e s .

A - t o p  s i g h t i n g  p o r t ;  B - t h e r m o c o u p l e  (<  1600 °C) ;  C - g r a p h i t e  

e l e m e n t ;  D - g r a p h i t e  c r u c i b l e ;  E - MgO c r u c i b l e ;  F - g r a p h i t e  

t a r g e t  segment ;  G - s i d e  s i g h t i n g  p o r t ;  H - ' b l a c k  body '  h o l e  i n  

g r a p h i t e .
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The 'A' value of a pyrometer absorption screen is a constant 

value such that if and are, respectively, the high and low range 

absolute temperatures corresponding to a particular setting of the 

pyrometer, then

A = ±  . (4.14)
2 1

This formula was used to determine the correction factors for the 

silica sighting windows and the 45° glass splitter (for 'straight-
-  6through' viewing). The mean values obtained were (3.0 ± 0.3) X 10

_ 5
and (5.7 ± 0.2) X 10 reciprocal degrees, respectively. The correction 

for the emissivity of the graphite obtained by sighting the pyrometer on 

the exterior of the block (or crucible) was only a few degrees. An 'A' 

value for this appeared to remain constant within the accuracy of the 

pyrometer and was equal to (2.2 ± 0.2) X 10 reciprocal degrees.

Next, temperature readings of the inside of the magnesia 

crucible, using the top sighting port and the graphite segment as 

target, were compared with readings obtained from a Pt - Pt/18$, Rh 

thermocouple adjacent to the segment. At the same time, the temperature 

of the exterior of the graphite crucible was read through the side 

sighting port. Above 1600 °C the thermocouple was abandoned, but the 

pyrometer readings were continued up to 2500 °C. The discrepancy 

between the thermocouple temperature and that measured by the pyrometer 

agreed with the correction found necessary by the National Standards 

Laboratory. Therefore, the thermocouple readings were regarded as 

accurate. From this, and allowing also for the difference between 

readings on the 'high' and 'extra-high' ranges of the pyrometer, it was 

possible to construct a graph from which the temperature inside the 

magnesia crucible could be derived from the reading of the pyrometer 

sighted on the exterior surface of the graphite crucible. This
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c a l i b r a t i o n  i s  shown i n  f i g u r e  4 . 8 .  (Note  t h a t  t h e  u n c o r r e c t e d  p y r o ­

m e te r  r e a d i n g  t h r o u g h  t h e  s i d e  s i g h t i n g  p o r t  was v e r y  n e a r l y  e q u a l  t o  

t h e  t r u e  t e m p e r a t u r e  i n s i d e  t h e  m ag n e s i a  c r u c i b l e . )

The f i n a l  check  r e q u i r e d  was t o  d e t e r m i n e  t h e  d i f f e r e n c e ,  i f  

any ,  b e tw een  t h e  h e a t - u p  c u r v e s  f o r  t h e  i n t e r i o r  and t h e  e x t e r i o r  o f  

t h e  c r u c i b l e s .  S i n c e  t h i s  a g a i n  r e q u i r e d  t h e  u s e  o f  b o t h  s i g h t i n g  

p o r t s ,  t h e  l o a d i n g  r i g  c o u ld  n o t  be u s e d .  T h e r e f o r e  t h e  g r a p h i t e  

e l e m e n t  and i n s u l a t i o n  were  r e p l a c e d  by t h e  t u n g s t e n  e le m en t  and i t s  

r a d i a t i o n  s h i e l d s .  W i th  t h e  c r u c i b l e s  i n  p l a c e ,  a  r a p i d  h e a t - u p  c o u ld  

be a c h i e v e d  i n  t h i s  a r r a n g e m e n t ,  s i m u l a t i n g  t h e  c o n d i t i o n s  a t  t h e  s t a r t  

o f  a  d i f f u s i o n  a n n e a l i n g  when t h e  sam ple ,  i n s i d e  t h e  m ag n e s i a  c r u c i b l e ,  

was l ow ered  i n t o  t h e  a l r e a d y  h o t  f u r n a c e .  F i g u r e  4 . 9  shows t h a t  t h e r e  

was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  h e a t - u p  t im e s  f o r  t h e  i n s i d e  and 

t h e  o u t s i d e  o f  t h e  c r u c i b l e s ,  and h e n c e  t h e  a n n e a l i n g  t i m e  f o r  a 

d i f f u s i o n  r u n  c o u l d  be c o r r e c t e d  s a t i s f a c t o r i l y  u s i n g  t h e  e x t e r i o r  

h e a t - u p  c u r v e .

4 . 4 .  E x p e r i m e n t a l  method 

4 . 4 . 1 .  G e n e r a l  p r o c e d u r e

The M o n o c r y s t a l s  c y l i n d e r s  o f  s i n g l e  c r y s t a l  MgO d id  n o t  

c l e a v e  e a s i l y  and e a c h  was c u t  i n t o  a p p r o x i m a t e l y  e q u a l  p i e c e s  u s i n g  a 

0 .0 0 6 "  diamond w h e e l .  The f a c e s  exposed  were  t h e n  p o l i s h e d  u s i n g  

9-1 pm diamond p a s t e  on p l a t e  g l a s s .  T h i s  removed t h e  w o r s t  o f  t h e  

damage and p ro d u ce d  a s u f f i c i e n t l y  f l a t  s u r f a c e  on wh ich  t o  d e p o s i t  t h e  

t r a c e r .  The V e n t r o n  MgO c l e a v e d  r e a d i l y  f rom t h e  p i e c e s  s u p p l i e d  i n t o  

a p p r o x i m a t e l y  3 - 4  mm c u b e s .  The f a c e s  were  c l e a n  and f l a t .  One f a c e  

o f  each  was p o l i s h e d  w i t h  1 pm diamond p a s t e  t o  remove t h e  c l e a v a g e  

' r i v e r s '  and t h e  t r a c e r  was d e p o s i t e d  on t h i s  f a c e  u s i n g  a m i c r o ­

s y r i n g e .  D e p o s i t i o n  ( 0 . 0 2  ml)  was c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f
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ammonia vapour to promote the precipitation of hydroxide and conversion 

to oxide on drying and heating. The deposit was dried under an infra­

red lamp and pairs of crystals were bound together using a loop of 

Pt - Pt/l3^ Rh wire to form diffusion 'sandwiches'. This helped to 

reduce the tracer lost during annealing.

For annealing up to 1750 °C in platinum wound furnaces, the

sandwich was contained in a high purity alumina tube. This tube was

lowered slowly into the hot zone of the furnace and a thermocouple
(Pt - Pt/10f3 Rh) placed with its tip in contact with the sample. A

brass seal was made to fit over the open end of the tube to prevent the
possible escape of radioactive material. In some experiments, the tube

was purged slowly (50 ml per minute) with argon. Couples were annealed 
o obetween 1000 C and 1750 C for periods ranging from one hour to 

several weeks. Temperatures were controllable to ± 2 °C. In one or 
two cases, there was a tendency to drift over the duration of the 
experiment where this was lengthy, but with regular checking using the 

potentiometer, this could be corrected before it became serious. The 

error in the annealing time was negligible in these experiments since 

heating took only a few minutes. Cooling on withdrawal from the 

furnace was very rapid also.

For the ultra-high temperature experiments, it was found 

necessary to pre-anneal the diffusion couples, usually for periods 
ranging from one hour at 1200 °C for self-diffusion where time was 

important, to 100 hours at 1000 °C. This helped to 'fix' tracer in 

each crystal surface and prevented tracer loss on rapidly heating the 
couple in the Spembly furnace. After pre-annealing, the binding wire 

was removed from the couple which was then placed in a magnesia 

crucible. The cap was placed in position and the whole put inside the 

main (open) graphite crucible, which was suspended by means of a
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t a n t a l u m  c h a i n  and s t e e l  w i r e  i n  t h e  l o a d i n g  chamber a t  t h e  t o p  o f  t h e  

f u r n a c e .  The l o a d i n g  chamber was s e a l e d ,  e v a c u a t e d  and p u rg ed  w i t h  

a r g o n .  The f u r n a c e ,  h a v i n g  been  s i m i l a r l y  p u rg ed ,  was b r o u g h t  t o  t h e  

r e q u i r e d  t e m p e r a t u r e ,  t h e  g a t e  v a l v e  be tw een  t h e  f u r n a c e  and t h e  l o a d ­

i n g  chamber  opened and t h e  c r u c i b l e  c a r e f u l l y  l o w e re d .  The a r r i v a l  o f  

t h e  c h a r g e  i n  t h e  h o t  zone was i n d i c a t e d  by a  r a p i d  f a l l  i n  t h e  o u t p u t  

f rom t h e  s i l i c o n  p h o t o c e l l  a s  i n d i c a t e d  on t h e  c h a r t  r e c o r d e r .  At  t h i s  

moment, t h e  t i m e r  was s t a r t e d  and p y r o m e te r  r e a d i n g s  o f  t h e  c r u c i b l e  

t e m p e r a t u r e  w ere  r e c o r d e d  t o  o b t a i n  a  h e a t - u p  c u r v e .  Manual  a d j u s t m e n t s  

w e re  made t o  b r i n g  t h e  sample  t o  a s t e a d y  t e m p e r a t u r e  as  q u i c k l y  as  

p o s s i b l e .  T h i s  t e m p e r a t u r e  was o b t a i n e d  from t h e  c a l i b r a t i o n  c u r v e ,  

f i g u r e  4 . 8 .  A n n e a l i n g  t im e s  r a n g e d  from t e n  m in u t e s  t o  s e v e r a l  h o u r s .  

The sample  was t h e n  w i th d ra w n  i n t o  t h e  l o a d i n g  chamber ,  i s o l a t e d ,  and 

a l l o w e d  t o  c o o l .

The a n n e a l i n g  t im e  was c o r r e c t e d  where  n e c e s s a r y  from a h e a t ­

up c u r v e  such a s  t h a t  shown i n  f i g u r e  4 . 1 0 .  Assuming t h a t  no s i g ­

n i f i c a n t  d i f f u s i o n  o c c u r r e d  below a t e m p e r a t u r e  a t  which  D was 10^ o f  

t h e  e x p e c t e d  v a l u e  a t  t h e  f i n a l  s t e a d y  t e m p e r a t u r e ,  t h e  t im e  z e r o  ( t Q) 

was t a k e n  as  t h e  p o i n t  such  t h a t  t h e  shaded  a r e a s  i n  f i g u r e  4 . 1 0  were  

e q u a l .

A d i f f u s i o n  s a n dw ich ,  on b e i n g  removed from t h e  f u r n a c e ,  was 

s e p a r a t e d  i n t o  i t s  two h a l v e s .  A l l  f a c e s  o f  each  h a l f  ( o t h e r  t h a n  t h e  

d i f f u s i o n  f a c e )  w ere  g round  away,  u s i n g  400 g r i t  ca rb o rundum  p a p e r ,  t o  

a  d e p t h  o f  a b o u t  1 Oi/Dt. T h i s  e n s u r e d  t h a t  no c o n t r i b u t i o n  to  t h e  

sample  a c t i v i t y  c o u ld  a r i s e  f rom c o n t a m i n a t i o n  o r  s u r f a c e  d i f f u s i o n .  

A f t e r  c l e a n i n g ,  t h e  c r y s t a l  was mounted on t h e  g r i n d e r  u s i n g  t h e  mount ­

i n g  p l a s t i c  as  d e s c r i b e d  e a r l i e r .  The c r y s t a l  was f i r s t  c o u n t e d  t o  

d e t e r m i n e  i t s  t o t a l  a c t i v i t y ,  a t h i n  l a y e r  o f  m a t e r i a l  removed by 

p o l i s h i n g  w i t h  1 pm diamond p a s t e ,  t h e  g r i n d e r  immersed i n  a w a t e r  b a t h
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to restore it to its initial temperature, the amount removed measured 
using a dial gauge and the crystal activity determined again. The 

background and standard source were checked at regular intervals to 
correct the activity remaining, A(x), which was then plotted against 

the penetration distance, x. The diffusion coefficient, D, was then 

evaluated as described in section 4.1.

4.4.2. Comments on specific experiments

(i) An analysis of the tracer solution used in the first self-
34-diffusion experiments showed the presence of 2000 pg/ral of A1 . The

presence of this impurity in fact proved fortunate, because it extended

the extrinsic region over a much wider temperature range than it would

otherwise have covered. Thus two sets of diffusion experiments were

performed, one using undiluted, as-received Mg-28 tracer and the other
3+using tracer diluted twenty times to reduce the A1 impurity to levels 

below the 'grown-in' impurity content of the single crystals. The tem­

perature range covered in both sets of experiments was about 1150 °C to 
2350 °C. During early high temperature experiments in the Spembly 

furnace, results suggested that evaporation of both tracer and host
material occurred more readily in self-diffusion experiments than in

24-impurity diffusion runs. A trace (1 pg) of Ca added to the Mg-28 

solution deposited on each sample appeared to reduce this volatility 

[cf. Somorjai, 1969], although in some cases it made the original x = o 

plane somewhat indistinct. Beyond 2350 °C, it proved impossible to 

counter the effects of evaporation as could be seen from the highly 

glazed surfaces resulting from heating to such temperatures. Mg-28 has 

three major 7 peaks at 0.40 MeV, 0.95 MeV and 1.35 MeV and all three 

were counted in order to minimise counting times. For 7 energies in 

this range, absorption of the radiation in MgO over the penetration



distances involved was negligible [Harding, 1967b]. The tracer was 

checked for radioactive impurities by measuring its half-life, which 
was found to be in agreement with the published value of 21.3 hours 

over at least ten half-lives. However, as a precaution, no work was 
done beyond a period of six half-lives with any given batch of tracer.

(ii) Nickel-63 is a soft ß radiator (0.067 MeV) and the absorption 

coefficient was calculated to be 5000 cm  ̂ in MgO. An ORTEC end-window 

detector was used in this work. Annealing temperatures covered the 

range 1100 °C to 2500 °C. Up to 1700 °C runs were carried out in argon 

as well as air to check for a possible atmosphere effect. Unfortunately 

with the equipment available it was not possible to anneal samples in 

air above this temperature. In addition, several experiments were per­

formed in the range 1500 °C to 1900 °C with Al^+ added to the tracer to 
simulate the conditions under which the early self-diffusion studies 

had been done.

(iii) Barium-133 diffusion in MgO had already been studied [Harding,

1967a, 1967b] up to 1700 °C. However, several runs were repeated in

this temperature range under an argon atmosphere, and additional data
ofor air annealing were collected in the temperature range 1500 C -

1700 °C. The upper limit of the measurements was extended to 2450 °C.

This tracer has a major 7 peak at 0.36 MeV and again no correction was
onecessary for absorption. Some diffusion profiles, even up to 2000 C, 

showed evidence of a second region reported in the earlier work. In 

order to investigate this further, the following experiments were per­

formed. A total of twelve MgO cubes of about 3 mm side were pre­

annealed in air at 1580 °C, after one face on each had been polished in 

the usual manner, for times ranging from 0 to 94 hours. Six couples 

were then made up and diffusion annealed in air for 1 hour, again at 

1580 °C. In this way, the effect of pre-annealing on the damage



53

responsible for the profile shapes, could be determined.

(iv) Another impurity that was considered to be of interest from the

diffusion point of view was beryllium. With an ionic radius of about 
o0.35 A, this ion is small enough to fit interstitially into the MgO

lattice with the minimum of strain. Earlier studies [Harding and

Mortlock, 1966] showed that the diffusion coefficients measured in the

range 1000-1700 °C were larger than those determined for other ions.

These measurements were repeated and extended up to 2350 °C.

2+ 2+ o(v) Both Cd and Ca have the same ionic radius (about 0.98 A) and

therefore a study of the diffusion of these ions in MgO was made in

order to determine the effect, if any, of polarisability. Measurements

were made only in the temperature range 1850-2400 °C where the effect

of impurities and structural damage could be avoided. In the case of

cadmium, the chloride was found to be rather volatile and hence ion

exchange was used to convert it to the fluoride [Harding and Bhalla,

1971]. This together with the ammonia technique, reduced the amount of

tracer lost on initial heating. Pre-annealing temperatures were

reduced to 800 °C for the same reason. Cd-115m is an energetic ß

radiator (1.6 MeV) and absorption in MgO was found to be negligible in

these experiments, with p = 30 cm  ̂ (see figure 4.11). However,
2+analysis of the experimental data for Ca proved to be more complex 

since for Ca-45, p was found to be in the intermediate range at 

430 cm  ̂ (see figure 4.12).

(vi) The final tracer used in these diffusion studies was Ge-68.

This decays with a 270 day half-life to Ga-68 by K capture. The 

daughter further decays by positron emission with a half-life of 68 

minutes. Thus, allowing sufficient time after annealing, usually 24 

hours, a concentration profile for germanium in MgO could be determined 

by counting the gallium annihilation radiation (0.51 MeV). Germanium
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. 1 1 .  A b s o r p t i o n  o f  Cd-115m ß - r a d i a t i o n  i n  s i n g l e  c r y s t a l  MgO 

30 cm  ̂ ) .
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.12. Absorption of Ca-45 ß-radiation in single crystal MgO 
430 cm ^) and aluminium.
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c a n  e x i s t  e i t h e r  a s  Ge o r  Ge and i t  was c o n s i d e r e d  t h a t  a com­

p a r i s o n  o f  d i f f u s i o n  d a t a  f o r  t h i s  i o n  w i t h  t h a t  f o r  t h e  d i v a l e n t  i o n s  

i n  t h e  t e m p e r a t u r e  r a n g e  1850-2350 °C migh t  p e r m i t  a d e c i s i o n  t o  be 

made c o n c e r n i n g  t h e  v a l e n c e  s t a t e  o f  germanium i n  t h e  MgO l a t t i c e .  

However , a f u l l  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  i o n i c  c h a r g e  on 

d i f f u s i o n  p a r a m e t e r s  was n o t  s e e n  as  p a r t  o f  t h i s  p r o j e c t .

4 . 5 .  S o u rc es  o f  e r r o r  i n  t h e  measurement  o f  D 

4 . 5 . 1 .  Boundary c o n d i t i o n s

M o r t l o c k  [1964, 1969]  has  d i s c u s s e d  a  p o s s i b l e  e r r o r  a r i s i n g  

from t h e  u s e  o f  an i n c o r r e c t  s o l u t i o n  t o  t h e  d i f f u s i o n  e q u a t i o n  f o r  t h e  

a n a l y s i s  o f  e x p e r i m e n t a l  r e s u l t s .  S o l u b i l i t y  d a t a ,  even  i f  a v a i l a b l e ,  

do n o t  a lw ays  a s s i s t  i n  d e c i d i n g  w h e t h e r  e q u a t i o n  ( 2 . 5 )  o r  e q u a t i o n  

( 2 . 6 )  s h o u l d  be u s e d ,  s i n c e  such  d a t a  a p p l y  t o  an  e q u i l i b r i u m  s i t u a t i o n .  

I t  i s  q u i t e  p o s s i b l e  t h a t  a  n o r m a l l y  s o l u b l e  i m p u r i t y  d e p o s i t e d  on t h e  

s u r f a c e  o f  an MgO s i n g l e  c r y s t a l  has  i n s u f f i c i e n t  t im e  t o  d i s s o l v e  com­

p l e t e l y ,  p a r t i c u l a r l y  when a n n e a l i n g  t i m e s  a r e  s h o r t .  U s u a l l y ,  i n  t h i s  

work ,  t h e  p r e s e n c e  o f  an e x c e s s  o f  t r a c e r  a t  t h e  c r y s t a l  s u r f a c e  a f t e r  

a n n e a l i n g  was o b v io u s  from t h e  l a r g e  d i f f e r e n c e  i n  c o u n t  r a t e  o b s e r v e d  

b e f o r e  and a f t e r  t h e  f i r s t  a b r a s i o n  was made. O f t e n  t h i s  e x c e s s  c o u ld  

be s e en  w i t h  t h e  eye on c l o s e  i n s p e c t i o n .  Under  t h e s e  c o n d i t i o n s ,  

e q u a t i o n s  ( 2 . 6 )  and ( 4 . 7 )  a r e  a p p l i c a b l e ,  bu t  s h o u ld  e q u a t i o n s  ( 2 . 5 )  

and ( 4 . 5 )  be a p p l i e d  i n  e r r o r ,  t h e  g r a p h  o f  e r f c  F (x )  v s .  x would 

s t i l l  be an  a p p r o x i m a t e  s t r a i g h t  l i n e ,  w i t h  a n e g a t i v e  i n t e r c e p t  on t h e  

x - a x i s .  I f  t h i s  l i n e  i s  n o t  f o r c e d  t h r o u g h  t h e  o r i g i n  as  M o r t l o c k ' s  

c a l c u l a t i o n  o f  t h e  r e s u l t i n g  e r r o r  i n  D as sum es ,  t h e  s l o p e  would n o t  

d i f f e r  g r e a t l y  f rom t h a t  o f  t h e  c o r r e c t  i e r f c   ̂ F ( x ) / 1 . 7 7 2  vs .  x p l o t .  

I t  i s  i n t e r e s t i n g  t o  n o t e ,  however ,  t h e  c o n c l u s i o n  drawn by M o r t lo c k ,  

t h a t  a t  s m a l l  p e n e t r a t i o n s ,  t h e  r e s i d u a l  a c t i v i t y  method o f  p r o f i l e
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a n a l y s i s  u sed  h e r e  y i e l d s  much s m a l l e r  e r r o r s  due t o  t h e  a p p l i c a t i o n  o f  

i n c o r r e c t  boundary  c o n d i t i o n s  t h a n  t h e  commonly used  method based  on 

t h e  d i r e c t  d e t e r m i n a t i o n  o f  c o n c e n t r a t i o n  as  a f u n c t i o n  o f  p e n e t r a t i o n  

d i s t a n c e ,  x .

4 . 5 . 2 .  L o c a t i o n  o f  t h e  o r i g i n a l  c r y s t a l  s u r f a c e

I t  was n o t e d  i n  many r e s u l t s  t h a t  g r a p h s  o f  e r f c   ̂ F (x )

( e q u a t i o n  ( 4 . 5 ) )  and i e r f c   ̂ F ( x ) / 1 . 7 7 2  ( e q u a t i o n  ( 4 . 7 ) )  v s .  x ,  and 

2
l o g  f ( x )  v s .  x ( e q u a t i o n  ( 4 . 1 2 ) )  d i d  n o t  p a s s  t h r o u g h  t h e  o r i g i n ,  b u t  

showed a p o s i t i v e  i n t e r c e p t  on t h e  x - a x i s .  T h i s  c o u ld  have  been  due t o  

a  l a y e r  o f  p o rous  u n d i s s o l v e d  m a t e r i a l  a t  t h e  s u r f a c e  r e n d e r i n g  t h e  

t r u e  x = o p l a n e  u n c e r t a i n ,  p a r t i c u l a r l y  i n  c a s e s  o f  low i m p u r i t y  

s o l u b i l i t y  o r  where  a n n e a l i n g  t i m e s  w ere  s h o r t .  A second  p o s s i b l e  

e x p l a n a t i o n  i s  t h a t  a t h i n  l a y e r  o f  s u r f a c e  damage, p roduced  by diamond 

p o l i s h i n g  d u r i n g  p r e p a r a t i o n  o f  t h e  d i f f u s i o n  sandw ich ,  was p r e s e n t .  

T h i s  p rob lem  h a s  been  s t u d i e d  by Koepke and S to k e s  [1970] ,  and i t  c o u ld  

g i v e  r i s e  t o  a r e g i o n  o f  v e r y  r a p i d  d i f f u s i o n  i n  t h e  f i r s t  1 -5  pm o f  

t h e  d i f f u s i o n  zone .  The se  e x p l a n a t i o n s  a r e  c o n s i s t e n t  w i t h  t h e  f a c t  

t h a t  t h e  f i r s t  s e c t i o n  was g e n e r a l l y  more e a s i l y  removed t h a n  s u b s e ­

q u e n t  s e c t i o n s ,  i . e .  t h e  s u r f a c e  m a t e r i a l  a p p e a r e d  t o  be s o f t e r  t h a n  

t h e  b u lk  o f  t h e  c r y s t a l .  A n o the r  c a u s e  o f  a p o s i t i v e  x - i n t e r c e p t  c o u ld  

be t h e  p o s s i b l e  p r e s e n c e  o f  a l i o v a l e n t  i m p u r i t y  i o n s  i n  t h e  t r a c e r  

s o l u t i o n  ( a s  was found  i n  t h e  c a s e  o f  t h e  Mg-28 u s e d  i n  t h e  s e l f ­

d i f f u s i o n  e x p e r i m e n t s )  o r  t h e  i n f l u e n c e  o f  OH i o n s  i n  t h e  s u r f a c e  

r e g i o n .  Both c o u ld  g i v e  r i s e  t o  a h i g h e r  t h a n  normal  c o n c e n t r a t i o n  o f  

c a t i o n  v a c a n c i e s  and h e n c e  a  h i g h e r  d i f f u s i o n  r a t e  i n  t h e  f i r s t  few 

m i c r o n s .

At v e r y  h i g h  t e m p e r a t u r e s ,  a d d i t i o n a l  f a c t o r s  may c a u se  

e r r o r s  i n  t h e  l o c a t i o n  o f  t h e  x = o p l a n e .  I n  some s a m p le s ,  a r e g i o n



58

o f  r e d u c e d  a c t i v i t y  was found n e a r  t h e  s u r f a c e .  Wuensch and V a s i l o s  

[1971]  who a l s o  e n c o u n t e r e d  t h i s  phenomenon, a t t r i b u t e d  i t  t o  t h e  l o s s  

o f  s o l u t e  t o w a rd s  c o m p l e t i o n  o f  a  d i f f u s i o n  a n n e a l i n g ,  and t h e  s u b s e ­

q u e n t  r e v e r s e  d i f f u s i o n  o f  t r a c e r  o u t  o f  t h e  spec im en .  T h i s  would have 

been  p o s s i b l e  i n  t h e  e x p e r i m e n t s  r e p o r t e d  h e r e ,  i n  s p i t e  o f  t h e  p r e ­

a n n e a l i n g  p r o c e d u r e ,  i f  t h e  c o n t a i n i n g  c r u c i b l e  had c r a c k e d  due t o  

t h e r m a l  shock ,  o r  o t h e r w i s e  d e v e lo p e d  a  l e a k  e x p o s in g  t h e  d i f f u s i o n  

c o u p l e  t o  t h e  a rg o n  f low .  O c c a s i o n a l l y ,  e v a p o r a t i o n  o f  t h e  s i n g l e  

c r y s t a l  i t s e l f  o c c u r r e d  a s  c o u ld  be s e e n  from t h e  h i g h l y  g l a z e d  sample  

s u r f a c e s .  T hese  r u n s  w ere  abandoned .

Whatever  t h e  c a u s e  o f  t h e s e  s u r f a c e  a n o m a l i e s ,  i t  was assumed 

t h a t  d i f f u s i o n  c o e f f i c i e n t s  e v a l u a t e d  from d a t a  w e l l  w i t h i n  t h e  c r y s t a l  

were  n o t  a f f e c t e d .  Where a  t h i n  r e s i d u a l  d e p o s i t  c o u ld  be s e e n ,  t h e  

x = o p l a n e  was t a k e n  t o  be t h e  p o i n t  a t  which i t  v a n i s h e d  as  s e c t i o n s  

were  c a r e f u l l y  p o l i s h e d  away.

4 . 5 . 3 .  The c a l c u l a t i o n  o f  D

D i f f u s i o n  c o e f f i c i e n t s  were  e v a l u a t e d  from t h e  s l o p e s  o f  t h e

-1 -1 2g r a p h s  o f  e r f c  F (x )  v s .  x ,  i e r f c  F ( x ) / 1 . 7 7 2  v s .  x ,  o r  log  f  v s .  x ,

a s  e x p l a i n e d  p r e v i o u s l y .  The e r r o r s  i n  t h e  c a l c u l a t i o n  o f  t h e s e  s l o p e s  

must  t h e r e f o r e  be c o n s i d e r e d .  The f u n c t i o n s  e r f c   ̂ u and i e r f c   ̂ u 

a r e  p l o t t e d  a g a i n s t  u i n  f i g u r e  4 . 1 3 .  For  e x p e r i m e n t s  t o  which  

e q u a t i o n  ( 4 . 5 )  was a p p l i c a b l e ,  u = F ( x ) ,  and we ca n  w r i t e

r -1 d [ e r f c -  ̂ F ( x ) ]
[ e r f c  F ( x )  ] = ------- d ~ F ( x 7 ~ ------ F ( x )  * ( 4 . 1 5 )

For  v a l u e s  o f  F ( x )  g r e a t e r  t h a n  0 . 2 ,  e r f c   ̂ F ( x )  v s .  x i s  r o u g h l y  

l i n e a r  and t h e  s l o p e  i s  a p p r o x i m a t e l y  u n i t y .  The e r r o r  i n  e r f c   ̂ F (x )

i s  t h e r e f o r e  t h e  same a s  t h e  e r r o r  i n  F ( x ) .  For  F (x )  l e s s  t h a n  0 . 2 ,  

t h e  s l o p e  o f  e r f c   ̂ F (x )  v s .  F (x )  i n c r e a s e s  r a p i d l y  and t h e  e r r o r  i n
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Zi e r t e *1 u

F i g u r e  4 . 1 3 . The f u n c t i o n s  e r f c u and 2 i e r f c u p l o t t e d  a g a i n s t  u.
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e r f c  F (x )  becomes v e r y  l a r g e  f o r  s m a l l  F (x )  v a l u e s .  A s m a l l  v a l u e  o f  

F ( x )  c o r r e s p o n d s  t o  l a r g e  p e n e t r a t i o n s ,  where  c o u n t i n g  e r r o r s ,  i n c l u d ­

i n g  background  v a r i a t i o n s ,  and p o s s i b l y  s h o r t - c i r c u i t  i n f l u e n c e s  ( d i s ­

l o c a t i o n s  and c r a c k s )  become s i g n i f i c a n t .  I n  p r a c t i c e ,  t h e r e f o r e ,  

p o i n t s  on t h e  e r f c   ̂ F ( x )  v s .  x g r a p h  f o r  e r f c   ̂ F ( x )  g r e a t e r  t h a n  1 .2  

w ere  r e g a r d e d  w i t h  some c a u t i o n  i n  many e x p e r i m e n t s .  By r e f e r e n c e  t o  

f i g u r e  4 .1 3  a s i m i l a r  a rgum ent  can  be a p p l i e d  t o  r e s u l t s  where  e q u a t i o n  

( 4 . 7 )  was used  t o  d e t e r m i n e  D. The l o g a r i t h m i c  p l o t  a l s o  g i v e s  

i n c r e a s i n g  e r r o r s  as  f ( x )  d e c r e a s e s .  T h e r e f o r e ,  i t  was e s s e n t i a l  t o  

m in i m i s e  c o u n t i n g  e r r o r s  by a c c u m u l a t i n g  s u f f i c i e n t  c o u n t s .  I n d i v i d u a l  

m easu rem en ts  o f  sample  a c t i v i t y  were  a c c u r a t e  t o  2°]0 o r  b e t t e r .  U s u a l l y  

a t  l e a s t  10 ,0 0 0  c o u n t s  w ere  c o l l e c t e d ,  b u t  i n  some i n s t a n c e s  where  

t r a c e r  s o l u b i l i t y  was low,  i t  was n e c e s s a r y  t o  r e d u c e  t h i s  t o  3000.

The e r r o r  i n  A(o)  was s i m i l a r l y  1 -2 °jo when t h e  x = o p l a n e  was w e l l -  

d e f i n e d .  When t h i s  was n o t  s o ,  some e s t i m a t i o n  o f  i t s  l o c a t i o n  was 

n e c e s s a r y  w i t h  t h e  a i d  o f  c a r e f u l  s e c t i o n i n g .  The r e s u l t i n g  e r r o r  i n  

A(o) c o u ld  t h e n  be a s  h i g h  as  10^>. I n  p r a c t i c e ,  t h e  e f f e c t s  on D o f  

e r r o r s  i n  t h e  l o c a t i o n  o f  t h e  o r i g i n a l  d i f f u s i o n  f a c e  and i n  A(o) t e n d e d  

t o  c a n c e l  each  o t h e r .  Wuensch and V a s i l o s  [1961] a l s o  found D t o  be 

r e l a t i v e l y  i n s e n s i t i v e  t o  A ( o ) .  The e r r o r  i n  F ( x ) ,  and h e n c e  i n  

e r f c   ̂ F (x )  o r  i e r f c   ̂ F ( x ) / 1 . 7 7 2 ,  was t h e r e f o r e  u s u a l l y  i n  t h e  r a n g e  

4-1 2$>.

The o t h e r  f a c t o r  c o n t r i b u t i n g  t o  t h e  e r r o r  i n  t h e  s l o p e s  from 

w h ic h  D was c a l c u l a t e d  was t h e  p e n e t r a t i o n  d i s t a n c e ,  x .  E r r o r s  a r i s i n g  

from t e m p e r a t u r e  v a r i a t i o n s  o f  t h e  g r i n d e r  and d i a l  gauge were  

m in im is ed  by p e r f o r m i n g  t h e  m easu rem en ts  i n  an  a i r - c o n d i t i o n e d  room and 

im m ers in g  t h e  g r i n d e r  p i s t o n  i n  a w a t e r - b a t h  a t  t h i s  room t e m p e r a t u r e  

f o r  s e v e r a l  m in u t e s  a f t e r  h a n d l i n g .  A mean o f  s e v e r a l  r e a d i n g s  o f  t h e  

d i a l  gauge  ove r  t h e  s am ple  s u r f a c e  gave each  measurem ent  t o  ± 0 .3  pm.
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S i n c e  d i s t a n c e s  were  o b t a i n e d  by s u b t r a c t i o n ,  t h e  e r r o r  i n  t h e  a v e r a g e  

p e n e t r a t i o n  d i s t a n c e  o f  20 pm was t h e r e f o r e  ± 3%. At v e r y  low t e m p e r a ­

t u r e s ,  p e n e t r a t i o n s  were  lower and e r r o r s  c o r r e s p o n d i n g l y  i n c r e a s e d .

The e r r o r  o c c u r r i n g  i n  t h e  c a l c u l a t i o n  o f  t h e  a p p r o p r i a t e  

s l o p e ,  t h e n ,  was t y p i c a l l y  i n  t h e  r a n g e  7 - 1 5 ^ .  I n  a d d i t i o n ,  e r r o r s  

a r o s e  from t im e  and t e m p e r a t u r e  m ea su rem e n ts .  Where a n n e a l i n g  t im e s  

w ere  long ,  e r r o r s  were  n e g l i g i b l e ,  b u t  a t  t h e  s h o r t e s t  t i m e s ,  t h e y  c o u ld  

be  as  h i g h  as  10%. The e f f e c t  o f  t e m p e r a t u r e  e r r o r s  on D c a n  be 

d e t e r m i n e d  as  f o l l o w s .  We have

Hence

o r

D = D e x p ( - s / k T )  .

D 5
AD = ~  e x p O s / k T )  AT

AD £ AT
D ~ kT T '

( 4 . 1 6 )

( 4 . 1 7 )

( 4 . 1 8 )

Below 1700 °C, t h e  f u r n a c e  t e m p e r a t u r e  c o u l d  be m easu red  and c o n t r o l l e d  

t o  b e t t e r  t h a n  1 °C. However , b e c a u s e  o f  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  

h o t  zone ,  ± 2 °C r e p r e s e n t s  a  more r e a l i s t i c  l i m i t .  The r e s u l t i n g  

e r r o r  i n  D i s  t h e n  2-4% d e p e n d in g  on T and 6.  Above 1700 °C, t h e  

measurement  o f  t e m p e r a t u r e  i n v o l v e d  t h e  u s e  o f  t h e  p y r o m e t e r .  Read ings  

were  e s t i m a t e d  to  be a c c u r a t e  t o  ± 15 °C a f t e r  c o n s i d e r i n g  c o n t r o l ,  

c a l i b r a t i o n  and r e a d i n g  e r r o r s .  For  S = 3 . 3  eV, t h e  e r r o r  i n  D would 

have  been  ± 1 5% t o  ± 6% o v e r  t h e  t e m p e r a t u r e  r a n g e  17 00-2500 °C.

A summary o f  e r r o r s  i s  g i v e n  i n  t a b l e  4 . 3  and t h e  t o t a l  e r r o r  

i n  i n d i v i d u a l  d i f f u s i o n  c o e f f i c i e n t s  was e s t i m a t e d  t o  be 15-35%.
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T a b l e  4 . 3 .  Summary o f  e r r o r s  c o n t r i b u t i n g  t o  t h e  
e r r o r  i n  i n d i v i d u a l  d i f f u s i o n  c o e f f i c i e n t s

Source  o f  e r r o r M agnitude E f f e c t  on D

S lope  o f  e r f c  ^ , i e r f c   ̂ g r a p h s  
( i n c l u d i n g  c o u n t i n g  and 
p e n e t r a t i o n  e r r o r s ) 7 -15  $ 14 -3 0 #

A n n e a l in g  t im e  (<  1700 °C) ± 2 m <  3$
" " (> 1700 °C) ± 1 m 3-1 0#

A n n e a l in g  t e m p e r a t u r e  (<  1700 °C) ± 2 °C 2-  4/„
" " (>  1700 °C) ± 15 °C 6 - 1 5 $

T o t a l  e r r o r  (<  1700 °C) 1 5 -30  (jo
" " (>  1700 °C) • 15 -3 5 $

4 . 3 . 4 .  E r r o r s  i n  t h e  A r r h e n i u s  e q u a t i o n

The method o f  l e a s t  s q u a r e s  was u sed  t o  d e t e r m i n e  t h e  l i n e s  

o f  b e s t  f i t  t h r o u g h  d a t a  p o i n t s  on t h e  lo g  D v s .  1 / T g r a p h s ,  and e r r o r s  

q u o t e d  f o r  a c t i v a t i o n  e n e r g i e s  and p r e - e x p o n e n t i a l  f a c t o r s  a r e  s t a n d a r d  

e r r o r s .  T h i s  p r o c e d u r e  i s  n o t  s t r i c t l y  c o r r e c t  b e c a u s e  o f  t h e  

l o g a r i t h m i c  p l o t  and t h e  i n v a l i d  a s s u m p t i o n  t h a t  t h e  e r r o r  i n  1/T i s  

n e g l i g i b l e .  I t  i s ,  however ,  a method commonly u s e d  t o  e n s u r e  a 

c o n s i s t e n t  a s s e s s m e n t  o f  d a t a .

The f a c t o r s  c a u s i n g  e r r o r s  i n  i n d i v i d u a l  D ' s  d i s c u s s e d  i n  t h e  

p r e v i o u s  s e c t i o n s  d i d  n o t  t a k e  i n t o  a c c o u n t  t h e  v a r i a t i o n  from sample  

t o  sample  o f  t h e  c o n c e n t r a t i o n  o f  g r o w n - in  i m p u r i t i e s .  T hese  v a r i a t i o n s  

a r e  p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  e x t r i n s i c  r e g i o n .  I n  t h e  i n t r i n s i c  

r e g i o n ,  t h i s  i s  no l o n g e r  s i g n i f i c a n t ,  b u t  e r r o r s  i n  t e m p e r a t u r e  become 

more p ronounced  and t h i s ,  combined w i t h  t h e  r e l a t i v e l y  na r row r a n g e  o f  

1/T v a l u e s ,  l e a d s  t o  e r r o r s  i n  6 o f  a b o u t  ’\Qa]0.
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5. Results

5.1. Cation self-diffusion in MgO

In section 4.4.2, it was pointed out that the Mg-28 tracer 

solution used in the self-diffusion studies contained aluminium as an 

impurity. The results therefore fall into two categories, those 

obtained with as-received tracer (referred to as ART results) and those 

for experiments using tracer diluted by a factor of twenty (DT results). 

The penetration of Mg-28 into MgO single crystals is shown in figure

5.1, where erfc  ̂ F(x) is plotted against x (equation (4.5)) for dif­

fusion couples annealed under various conditions. Recently published 
data on inter-diffusion in the MgO-Al^O^ system [Whitney and Stubican, 

1971] indicate that aluminium diffuses rapidly in MgO. From an

analysis of the tracer solution, it was calculated that the mole frac- 
3+tion of A1 in the magnesium deposited on each sample could have been

as high as 0.15, although it is uncertain how much of this would have

been lost by evaporation or other means. The inter-diffusion results
3+suggest that, under these conditions, the A1 penetration could have 

been as high as 500 pm after only two hours annealing at 1650 °C, for 

example. The Mg-28 penetration at this temperature was only 50 pm 
(line 'D ' in figure 5.1) over which distance the free vacancy concen­

tration would not have varied greatly. This would have been so
3+particularly if the degree of A1 -cation vacancy association increased 

3+towards higher A1 concentrations. The work of Solaga and Mortlock
3+[1970] shows that this also applies to Sc diffusion in MgO, since the 

penetration plots for this tracer are almost linear up to erfc ^

F(x) =1.0, for all concentrations of scandium. Therefore, in most 

cases, the erfc  ̂ F(x) vs. x graphs for Mg-28 in MgO were good straight
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penet rat ion (jjrn)

Figure 5.1. Penetration of Mg-28 into single crystal MgO for various 
annealing conditions.

A - 1482 °C, 2h, diluted tracer; B - 1634 °C, 2h, diluted tracer; 
C - 2084 °C, 585s, as-received tracer; D - 1650 °C, 2h, as- 
received tracer; E - 2311 °C, 585s, as-received tracer.
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lines. The slight curvature in some very high temperature results was 

likely to have been caused by evaporation or other surface effect (see 
for example line 'E' in figure 5.1). Diffusion coefficients evaluated 

from ART experiments and DT experiments are given in tables 5.1, 5.2 

and 5.3, together with details of the times and temperatures of anneal­

ings. The first results obtained [Harding, Price and Mortlock, 1971] 

suggested that there was a difference in purity between Ventron 

crystals and the Monocrystals material. However, later work showed 

that this was not so, and the difference in diffusion coefficients, 

which could not be reproduced, was attributed to a purer-than-usual 

batch of tracer. No distinction will be made, therefore, between 

samples from the different suppliers. A complete Arrhenius plot is 

shown in figure 5.2.
We consider first the DT results. A straight line drawn 

through the data for the entire temperature range leads to the follow­

ing least squares equation for D,

D = ^8.59 * 2*51̂  X 10~^ exp[-(2.57 ± 0.°6) eV/kT] cm2 s"1 . (5.1)

It is interesting to compare this equation with that obtained by 
Wuensch, Steele and Vasilos [1971], namely

D = ^4.19 * 2‘̂  ^ X 10"4 exp [-(2.76 ± 0.08) eV/kT] cm2 s"1 . (5.2)

This equation describes the data shown in figure 5.3, which were 

obtained by a mass-spectrometric method using the stable isotope, Mg-26, 
as a tracer. Further discussion of these results will be given in the 

next chapter.

Turning to the ART results, it is apparent that these are not 

easily described by a single Arrhenius equation. Between 1130 °C and 

1450 °C the data can be represented by



66

Table 5.1. Cation self-diffusion coefficients from experiments
3+using 'as-received' tracer containing A1 ,

(air annealing)

T (°C) t (h) n , 2 -1*  D (cm s )

1132 93
-1 2

1.47 X 10

1134 90
-1 21 .25 X 10

1206 16 6.44 X 1 0 "12

1209 96 4.31 X 1 0 "12

1241 23
-1 2

7.85  X 10

1280 16 1 .77 X l O " 11

1282 17.3 2 .18  X l O " 11

1304 61 3 .04  X lO “ 11

1329 16 3 .60  X l O " 11

1354 4 4 .85  X lO ” 11

1405 12 7.29 X lO“ 11

1450 5 2.33 X lO ’ 11

1455 2 1.99 X 1 0 " 10

1500 1 .7 2.66 X 1 0 " 10

1557 3.3 3 .95  X 1 0 "10

1597 4 4 .65  X 1 0 " 10

1650 2 6.43 X 1 0 "10

1662 2 8.34  X 1 0 "10

1687 1 9.05  X 10“ 10

1700 2 7.27 X 10“ 10

1742 1 1.08 X 10“ 9

1752 1 8.58 X 10 "10
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Table 5.2. Cation self-diffusion coefficients from experiments
34-using 'as-received' tracer containing A1 ,

(argon annealing)

T (°C) t (s) n , 2 -KD (cm s )

1840 1170 1.58 X 1 0"9

1897 885 1.87 X 10"9

1941 900 2.71 X 10'9

1997 885 3.12 X 10“9

2052 870 3.91 X 10“9

2084 585 3.65 X 10"9

21 54 900 4.99 X 10"9

2174 580 5.08 X 10‘9

2214 870 8.03 X 10'9

2275 580 8.65 X 10”9

2311 585 1.34 X 10'8

2356 890 1.50 X 10'8

D = (^0.54 t o'29 J exp [-(3.2 ± 0.1) eV/kT] cm^ s  ̂ . (5.3)

This region of the Arrhenius plot will be called region IV for reasons 

that will be explained later.

Above 1450 °C, a lower activation energy appears to operate 

and a least squares treatment of the data up to 1900 °C gives 

6 = (1.60 ± 0.08) eV. However, towards the highest temperatures, the 

Arrhenius plot shows an upturn and the measured total diffusion coef­

ficient, D , may well contain a contribution from intrinsic thermally 

produced vacancies. Assuming that purely intrinsic diffusion coef­

ficients, D^, are available, purely extrinsic coefficients, D^, can be
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T a b le 5 . 3 .  C a t i o n  s e l f ­

e x p e r i m e n t s  u s i n g

• d i f f u s i o n  c o e f f i c i e n t s  

d i l u t e d  t r a c e r  (20 X)

from

T (°C) t  (h  o r  s ) D (cm2 s ^ ) Atmos.

1265 31 h -1 23 .1 9  X 10 A i r

1265 31 " 3 .3 6  X 1 0"12 ft

1397 11 " 1 .5 8  X 1 0 " 11 II

1397 11 " 1 .2 4  X 1 0_11 II

1482 2 " 4 .7 6  X 10 -11 If

1482 2 " 3 .8 8  X 10 -11 If

+ 1511 8 " 5 .0 5  X 10-11 it

1547 3 " 8 .1 8  X l O " 11 It

1 547 3 " 9 .9 2  X 10-11 ii

+ 1581 3 " 8 .57  X lO " 11 II

1605 1 " 1 .57  X 1 0 " 10 II

1634 2 " 1 .43  X 1 0 ' 10 II

1687 1 " 1 .87  X 1 0 " 10 II

1687 1 " 2 .1 2  X 1 0 " 10 II

1845 1 770 s 4 . 7 0  X 10~10 a r g o n

1845 1 770 " 4 .9 9  X 1 0 " 10 II

1905 1 785 " 8 .4 6  X 1 0 " 10 It

1905 1 785 " 5 .9 4  X 1 0 " 10 it

1969 880 " 9 . 7 4  X 1 0 " 10 i i

2019 880 " 2 .1 2  X 1 0 " 9 I I

2028 1 780 " 2 .33  X 1 0 " 9 I I

2085 880 " 2 . 8 4  X 1 0 " 9 i i

21 08 880 " 3 .9 3  X 1 0 " 9 i i

2213 590 " 6 .6 5  X 1 0 " 9 I I

2342 615 " 1 .53  X 1 0 " 8 I I

t t r a c e r  d i l u t e d  o n l y  10 X
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Figure 5.2. Arrhenius plot for cation self-diffusion in MgO single 
crystals.

-x-x- as-received tracer (ART)
-o-o- diluted (20 X) tracer (DT) 
lp Lindner and Parfitt [1957].



(S/ UJO)

IO V T

Figure 5.3. Arrhenius plot for cation self-diffusion in MgO single 
crystals [after Wuensch et al., 1972].

x - W. and C. Spicer MgO. 
o - Norton Co. MgO.
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c a l c u l a t e d  u s i n g  e q u a t i o n s  ( 3 . 7 )  and ( 3 . 1 0 )  w i t h  c .  r e p l a c e d  by n . ,  t h e  

v a c a n c y  c o n c e n t r a t i o n  a r i s i n g  from i m p u r i t i e s .  We have

( 5 . 4 )

w here  n and n have  been  d e f i n e d  p r e v i o u s l y .  T a k ing  d i f f u s i o n  c o e f -  c o

f i c i e n t s  t o  be p r o p o r t i o n a l  to  t h e  c o r r e s p o n d i n g  c a t i o n  va c anc y  

c o n c e n t r a t i o n s ,  we can w r i t e

( 5 . 5 )

I t  s h o u l d  now be n o t e d  t h a t  t h e  ART c o e f f i c i e n t s  and t h e  DT c o e f f i c i e n t s

o
c o i n c i d e  a t  t e m p e r a t u r e s  above  2100 C and i n , v i e w  o f  t h e  d i f f e r i n g

p u r i t i e s  o f  t h e  s am ples  c o n c e r n e d ,  one i s  l e d  t o  s u g g e s t  t h a t ,  a t  t h e s e

t e m p e r a t u r e s ,  d i f f u s i o n  i s  i n d e e d  i n t r i n s i c .  R e - c o n s i d e r i n g  t h e  DT

o
r e s u l t s ,  i t  i s  found t h a t  c o e f f i c i e n t s  a t  1900 C and above  a r e  g i v e n  by

7 .43 + 12.17 
- 4.61 X 10 2 e x p [ - ( 3 . 4 6  ± 0 .1 9 )  eV/kT] cm2 s ^ ( 5 . 6 )

I n c l u s i o n  o f  p o i n t s  a t  lower t e m p e r a t u r e s  gave  lower a c t i v a t i o n  

e n e r g i e s .  I t  s h o u ld  be n o t e d  t h a t  t h e  d i f f e r e n c e  i n  a c t i v a t i o n  

e n e r g i e s  i n  e q u a t i o n s  ( 5 . 6 )  and ( 5 . 1 )  i s  w e l l  o u t s i d e  t h e  s t a n d a r d  

e r r o r  l i m i t s .  Assuming t h a t  e q u a t i o n  ( 5 . 6 )  d e s c r i b e s  p u r e l y  i n t r i n s i c  

d i f f u s i o n ,  we can  now u s e  e q u a t i o n  ( 5 . 5 )  t o  c a l c u l a t e  t h e  e q u a t i o n  f o r  

p u r e l y  e x t r i n s i c  d i f f u s i o n .  The r e s u l t  i s

D = 7 .4 8  X 10 ^ e x p [ - 1 . 5 6  eV/kT] cm2 s ^ ( 5 . 7 )

T h i s  l i n e  i s  shown b r o k e n  i n  f i g u r e  5 . 2 .  I t  i s  r e a s o n a b l e ,  b e c a u s e  o f  

t h e  v e r y  s m a l l  d i f f e r e n c e  be tw een  e q u a t i o n  ( 5 . 7 )  and t h e  l e a s t  s q u a r e s  

l i n e  f o r  p o i n t s  be tw een  1450 °C and 1900 °C, t o  assume s i m i l a r  e r r o r  

l i m i t s  and w r i t e  t h e  e x t r i n s i c  a c t i v a t i o n  e n e rg y  a s  ( 1 . 5 6  ± 0 .0 8 )  eV.



72

In future discussion, the intrinsic and extrinsic regions of diffusion 
will be referred to as regions I and II respectively.

Since the ART data can be divided into a lower region IV, and 

an extrinsic region II with an increasing contribution from intrinsic 

diffusion at very high temperatures, it is reasonable to look for a 

similar structure in the Arrhenius plot for the DT results. From 

1800-1540 °C, the data points do indeed show some curvature. If 

equation (5.6) is used to obtain purely intrinsic coefficients in this 

range, equation (5.5) leads to extrinsic coefficients given by

D = 1.66 X 10‘6 exp [-1.55 eV/kT] cm2 s"1 . (5.8)

The activation energy here agrees well with that obtained over the much

wider temperature range covered by the ART experiments for region II.
Below 1540 °C, a downturn in the Arrhenius plot occurs and

there is good agreement between this data and those published by
Lindner and Parfitt [1957], indicated in figure 5.2 by the line 'lp'.
Indeed, the existence of region IV diffusion accounts for the high

activation energy obtained in the early work. The DT coefficients for
1265 °C are somewhat high, this small enhancement being found also for 
2+Ni diffusion in MgO. This is in accord with a brief reference by

Lindner and Parfitt to a lower activation energy process below 1400 °C.

Diffusion coefficients became too small to measure below 1265 °C in the

time available and this, combined with the likely interference from

short-circuit effects, made it difficult to evaluate an activation

energy for region IV in this case.

It seems unlikely that atmosphere has any effect on D in the

intrinsic region (I), since if such an effect existed, it would have

resulted in a curved Arrhenius plot, the oxygen partial pressure (p )02
in the magnesia containers being uncontrolled. With the equipment 
available, it was not possible to perform annealings in air above
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1750 °C. In the Ni and Ba diffusion studies, no p dependence of D
°2

was found below 1700 °C, although such a dependence of conductivity has 

been found [Mitoff, 1959, 1962; Osburn and Vest, 1971] in this 

temperature range. This problem will be discussed further in chapter 6.

Two experiments, at 1511 °C and 1581 °C, using tracer diluted 

only 10 times, gave results that were not significantly different from 

those to be expected from samples in which a dilution factor of 20 was 

used. Furthermore, the 'knee' temperature between regions I and II 
(about 1800 °C) agrees with the results for Ni and Ba impurity dif­

fusion in MgO crystals from the same supplier. This confirms that the 
31-average A1 content introduced via the tracer in the DT experiments 

was less than the grown-in impurity content of the MgO crystals.

5.2. Nickel diffusion in MgO

The Gruzin method (equation (4.10)) was used to determine 

diffusion coefficients for nickel in MgO, although the correction is 

small because p. is large (5000 cm )̂. At temperatures below 1800 °C in

air, the concentration function, c(x), is given by equation (2.5)
2+ obecause the Ni dissolves rapidly in the MgO lattice. Above 1800 C

29-in argon, the Ni was much less soluble and a thin surface excess was

present throughout the short annealings. Therefore, equation (2.6) was
2+used for these conditions. The penetration of Ni into MgO is shown 

in figures 5.4 and 5.5 for the very high temperature runs in argon and 

the lower temperature air runs respectively. Reasons for the failure 

of these graphs to pass through the origin have been discussed already. 

The Arrhenius plot for nickel diffusion in MgO is shown in figure 5.6. 

Table 5.4 gives details of the diffusion coefficients measured and the 

relevant annealing times and temperatures.
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penet rat i on (jjm)

F i g u r e  5 . 4 .  P e n e t r a t i o n  o f  Ni-63 i n t o  s i n g l e  c r y s t a l  MgO f o r  v a r i o u s  

a n n e a l i n g  c o n d i t i o n s  ( h i g h  t e m p e r a t u r e ,  a rg o n  a t m o s p h e r e ) . -
q  t

A - 1803 °C, 14m, A1 added ;  B - 1800 °C, 1h; C - 1957 °C, 29m; 

D - 2059 °C,  29m; E - 2260 °C, 19.5m.
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200010002
(penetration) (jjm)

F i g u r e  5 . 5 .  P e n e t r a t i o n  o f  N i -63  i n t o  s i n g l e  c r y s t a l  MgO f o r  v a r i o u s  

a n n e a l i n g  c o n d i t i o n s  (<  1750 °C, a i r  a t m o s p h e r e ) .

A - 1198 °C, 187h;  B - 1512 °C, 2h, A l3+ added ;  C - 1669 °C, 4h; 

D - 1511 °C, 22h;  E - 1315 °C, I40h.
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Figure 5.6. Arrhenius plot for Ni diffusion in single crystal MgO.
t 3+x - air annealing; o - argon annealing; line A - A1 added to

tracer.
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T a b l e  5 . 4 . D i f f u s i o n  c o e f f i c i e n t s f o r  N i 2 +  i n  s i n g l e c r y s t a l  MgO

T ( ° C ) t  ( h  o r  s ) n  i 2 - KD (cm s ) A t m o s .

11 0 0 7 6 4  h
-1 3

5 . 1 0  X 10 argon

1 1 9 8 187 "
-1 2

1 . 2 4  X 10 a ir

1 2 5 8 912  "
-1 2

1 . 6 7  X 10 z argon

1 3 1 5 14 0  " 4 . 1 5  X 1 0 “ 12 a i r

1 3 6 0 94 "
-1 26 . 1 2  X 10 II

1421 49 " i . o o  x  i o ' 11 argon

1421 13 4 1 . 2 7  X 1 0 ’ 11 a ir

142 2 52 " 9 . 8 8  X 1 0 “ 12 argon

1 4 5 8 3 0  " 1 . 5 8  X l O " 11 a i r

1 4 6 5 27 " 1 . 9 9  X l O " 11 IV

1511 2 2 . 3  h 2 . 8 4  X 1 O"11 II

1 5 4 4 2 0  h 4 . 2 5  X l O ’ 11 II

15 79 2 0  " 4 . 5 1  X l O “ 11 argon

1 60 4 8 " 4 . 4 1  X l O " 11 a ir

16 69 4 " 8 . 5 0  X 1 o " 11 ii

1 7 4 0 3 9 0 0  s ON X o
i o II

1 8 0 0 3 6 0 0  " 1 . 7 6  X 1 0 " 10 argon

1 8 7 0 1 77 0  " 3 . 1 6  X  l o " 10 I I

1957 1 7 4 0  " 3 . 8 7  X 1 0 ” 10 I I

2 0 2 6 1 7 4 0  " 8 . 2 0  X  1 0 " 10  • i t

2 0 5 9 1 7 4 0  " 1 . 6 9  X 1 0 ’ 9 i t

219 2 1 1 4 0  " 2 . 0 7  X 1 0 ” 9 I I

2207 9 0 0  " 2 . 1 1  X  1 0 ~ 9 I I

2 2 6 0 1 1 7 0  " 2 . 4 1  X  1 0 ‘ 9 i i

2311 9 0 0  " 5 . 3 2  X 1 0 " 9 I t

2392 1 1 1 0  " 5 . 7 5  X  1 0 " 9 I I

2 5 1 8 1 5 0 0  " 2 . 0 6  X 1 0 “ 8 VI
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Since we are dealing here with crystals from the same source
as those used in the self-diffusion studies, it is not unreasonable to

look for the same structure in the Arrhenius plot. Indeed, it is
2H-possible to divide the plot for Ni diffusion into three regions, and 

apart from the somewhat lower diffusion coefficients, figure 5.6 is 

very similar to figure 5.2. A least squares treatment of the data over 

1900 °C leads to the following equation for intrinsic (region I) 

diffusion:-

D = fo.014 * °*°4  ̂^  exp [-(3.3 ± 0.3) eV/kT] cm2 s"1 . (5.9)

Region II (extrinsic) diffusion covers only a narrow temper­

ature range and results were treated in a similar manner to the corres­
ponding self-diffusion data, using equations (5.5) and (5.9). It was 
found that region II diffusion can be represented by

D = 1.3 X 1 0~6 exp[-1.6 eV/kT] cm2 s"1 . (5.10)

Below about 1500 °C, there is a downturn in the Arrhenius

plot (region IV). Again, as in self-diffusion, there is a slight

enhancement, by a short-circuit mechanism, of coefficients at the

lowest temperatures and it is not possible to give an accurate value of

4 in this temperature range. However, a tangent drawn at the point

where the downturn occurs yields an activation energy of 3.2 eV and a 
2 - 1of 0.028 cm s . This is shown as a broken line in figure 5.6.

It is possible to ignore the structure of the Arrhenius plot 

and draw a straight line through all data points. This line is given 

by

D = (̂ 1.86 * 10"4 exp [-(2.41 ± 0.05) eV/kT] cm2 s“1 . (5.11)

which may be compared with the data obtained by Wuensch and Vasilos
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[1971]  shown i n  f i g u r e  5 . 7 .  The e q u a t i o n  f o r  D p u b l i s h e d  by t h e s e  

a u t h o r s  i s

D = 1 .8 0  X 1 0 " 5 e x p [ - 2 . 1 0  eV/kT] cm2 s " 1 ( 5 . 1 2 )

f o r  a  s i m i l a r  t e m p e r a t u r e  r a n g e  t o  t h a t  c o v e re d  by t h e  e x p e r i m e n t s  

r e p o r t e d  h e r e .  To a s s i s t  i n  d e c i d i n g  be tw een  t h e s e  a l t e r n a t i v e  t r e a t ­

ments  o f  t h e  d a t a ,  s e v e r a l  e x p e r i m e n t s  were  done i n  wh ich  e q u a l  amounts  

3+o f  A1 (2 M-g) were  added t o  t h e  N i -63  t r a c e r  s o l u t i o n  d e p o s i t e d  on 

each  o f  t h e  MgO s a m p le s .  T h i s  r e p r o d u c e d  t h e  c o n d i t i o n s  o f  t h e  s e l f ­

d i f f u s i o n  e x p e r i m e n t s  u s i n g  a s - r e c e i v e d  Mg-28. The d i f f u s i o n  c o e f ­

f i c i e n t s  o b t a i n e d  a r e  g i v e n  i n  t a b l e  5 . 5  and a r e  p l o t t e d  i n  f i g u r e  5 . 6 .  

The l i n e ,  ' A ' , drawn t h r o u g h  t h i s  d a t a  g i v e s  an  a c t i v a t i o n  en e rg y  o f  

1 . 6  eV i n  ag re e m e n t  w i t h  e q u a t i o n  ( 5 . 1 0 ) ,  r a t h e r  t h a n  t h e  a l t e r n a t i v e  

(2 .41 eV). The c o e f f i c i e n t s  show a f o u r  t im e s  enhancement  ( c f .  s e l f ­

d i f f u s i o n )  o v e r  t h o s e  o b t a i n e d  w i t h  a s - r e c e i v e d  Ni -63  and t h e  e x t r i n s i c  

r e g i o n  I I  i s  e x t e n d e d  t o  c o v e r  a  w i d e r  t e m p e r a t u r e  r a n g e .

T a b l e  5 . 5 .  D i f f u s i o n  c o e f f i c i e n t s  f o r  N i2+ i n

s i n g l e  c r y s t a l  MgO from e x p e r i m e n t s  i n  
3+

which  A1 was added t o  t h e  t r a c e r  s o l u t i o n

T (°C) t  ( s ) D (cm2 s ^) Atmos.

1512 7200 1 .1 8  X 10~10 a i r

1 579 3600 2 .0 2  X 1 0 " 10 . i t

1649 3600 2 .7 3  X 1 0 " 10 I I

1714 1740 3 .1 6  X 10“ 10 a r g o n

1803 840 5 .9 0  X 1 0 " 10 M

1900 840 7 . 0 0  X 10~10 I I

T h e r e  a p p e a r s  t o  be no a tm o s p h e re  e f f e c t  i n  r e g i o n  I  f o r

r e a s o n s  a l r e a d y  m en t io n e d  i n  s e c t i o n  5 . 1 .  S e v e r a l  e x p e r i m e n t s  pe r fo rm e d
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1962

Figure 5.7. Arrhenius plot for Ni diffusion in single crystal MgO 
[after Wuensch and Vasilos, 1971].

x - W. and C. Spicer MgO. 
o - Norton Co. MgO.



81

i n  a r g o n  i n  t h e  t e m p e r a t u r e  r a n g e  below 1750 °C gave r e s u l t s  i n  a g r e e ­

ment w i t h  t h o s e  from a i r  a n n e a l i n g s  s u g g e s t i n g  t h a t  a tm o s p h e re  e f f e c t s  

2+on Ni d i f f u s i o n  i n  MgO a r e  n e g l i g i b l e .

5 . 3 .  Barium d i f f u s i o n  i n  MgO

Barium d i f f u s i o n  i n  MgO has  been  s t u d i e d  p r e v i o u s l y  and some 

r e s u l t s  f o r  t h e  t e m p e r a t u r e  r a n g e  1000-1700 °C have  been p u b l i s h e d  

[ H a rd ing ,  1 9 6 7 a ] .  I t  was found t h a t  p r o f i l e s  c o n s i s t e d ,  i n  g e n e r a l ,  o f  

t h r e e  p a r t s .  Tha t  n e a r e s t  t h e  s u r f a c e  ( p a r t  A) was c o n s i d e r e d  t o  be 

due t o  l a t t i c e  d i f f u s i o n .  The second  and t h i r d  p a r t s  ( p a r t s  B and C) 

l y i n g  d e e p e r  i n  t h e  c r y s t a l  can  be e x p l a i n e d  as  b e i n g  c a u s e d  by s h o r t -  

c i r c u i t  p a t h s  [H ard ing ,  1971] .  The method o f  e v a l u a t i n g  d i f f u s i o n  

c o e f f i c i e n t s  f rom t h e  m u l t i - c o m p o n e n t  p r o f i l e s  was d e s c r i b e d  i n  t h e  

e a r l i e r  p a p e r .

Barium was found  t o  be  v e r y  i n s o l u b l e  i n  MgO and hence  

e q u a t i o n  ( 4 . 7 )  was used  i n  t h e  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  p e n e t r a t i o n  

p r o f i l e s .  Graphs o f  i e r f c   ̂ F ( x ) / 1 . 7 7 2  a r e  p l o t t e d  a g a i n s t  x i n  

f i g u r e  5 .8  f o r  s e v e r a l  s a m p le s .  T a b l e  5 .6  l i s t s  m easu red  d i f f u s i o n  

c o e f f i c i e n t s ,  t o g e t h e r  w i t h  a n n e a l i n g  t im e s  and t e m p e r a t u r e s .  Some 

e x p e r i m e n t s  below 1700 °C were  p e r f o r m e d  i n  a r g o n  f o r  c o m p a r i s o n  w i t h  

a i r  a n n e a l i n g s ,  b u t ,  a g a i n ,  no a tm o s p h e re  e f f e c t  was d e t e c t e d .  The 

A r r h e n i u s  p l o t  f o r  p o i n t s  down t o  1228 °C i s  shown i n  f i g u r e  5 . 9 .  A 

l i n e  drawn t h r o u g h  r e s u l t s  o b t a i n e d  i n  t h e  v e r y  h i g h  t e m p e r a t u r e  r e g i o n  

was found t o  be d i s p l a c e d  downwards r e l a t i v e  t o  t h e  e a r l i e r  lower t em ­

p e r a t u r e  d a t a .  T h e r e f o r e ,  t a k i n g  a l l  p o i n t s  above 1900 °C as  

r e p r e s e n t i n g  r e g i o n  I  d i f f u s i o n ,  a l e a s t  s q u a r e s  t r e a t m e n t  g i v e s

D = T o . 028 + J e x p [ - ( 3 . 5  ± 0 . 3 )  eV/kT] cm2 s " 1 . ( 5 . 1 3 )
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Figure 5.8. Penetration of Ba-133 into single crystal MgO for various 
annealing conditions.

A - 1120 °C, 840h, air; B - 1363 °C, 96h, air; C - 1611 °C, 9h, 
argon; D - 2064 °C, 39m, argon; E - 2233 °C, 29m, argon.
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T a b l e  5 . 6 .  D i f f u s i o n  c o e f f i c i e n t s  f o r  Ba i n  Mgo s i n g l e  

c r y s t a l s  ( M o n o c r y s t a l s  m a t e r i a l ,  e x c e p t  where  marked V)

T (°C) t  (h  o r  s) D (cm2 s ^ ) Atmos .

1 008 1319 h 3 .5 6  X 1 0 ' 15 a i r

1008 1319 " 3 .6 2  X 1 0 ' 15 I t

1120 840 " -147 . 2 4  X 10 I I

1124 1 075 " -146.51 X 10 i t

1228 604 " -1 32 . 7 0  X 10 i t

1228 604 2 . 6 4  X 1 0 " 13 I f

1277 62 .5  h 7 . 2 0  X 1 0 ' 13 i i

1361 24 h- 3 . 0 0  X 10“ 12 I I

1363 96 " -1 22 .1 2  X 10 I I

1422 37 " 8 .87  X 1 0 " 12 a rg o n

1422 37 " -1 25 .4 9  X 10 i i

1507 5 " 1 .93  X 1 0 -11 a i r

1507 5 " 2 .3 9  X 10-11 I t

1546 9 " 3 . 2 0  X 10-11 a r g o n

1594 1 4 .5  h 2 . 9 0  X lO " 11 a i r

1607 23 h 5.41 X lO “ 11 I I

1611 9 .2  h 2 .9 9  X lO’ 11 a r g o n

1651 6 h 3 .8 7  X lO“ 11 a i r

1651 6 " 4 . 7 0  X lO " 11 I I

1689 5 .5  h 4 . 9 5  X lO " 11 a r g o n

1714 7 h 8 . 2 0  X lO " 11 a i r

1793 2 " 1 .1 5  X 1 0 " 10 a rg o n

1852 1770 s 1 .8 9  X 10 " 10 " V

1900 1770 " 2 .1 5  X 1 0 " 10 " V

1937 3540 " 5 .6 0  X 1 0 " 10 I I

2000 1 770 " 4 .1 7  X 1 0 " 10 " V

2064 2340 " 1 .1 8  X 1 0 " 9 I I

2150 1 4 ,4 0 0  " 1 .3 4  X 10”9 I I

2233 1740 " 5 .3 8  X 10’ 9 I I

2418 570 " 1 .03  X 10’ 8 I I

2445 1 590 " 7 .8 9  X 1 0 ' 9 I I

V - V e n t ro n  MgO
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Figure 5.9. Arrhenius plot for Ba diffusion in MgO single crystals.

x air annealings; o argon annealing.
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24-In the case of Ba , short circuit contributions to diffusion

can be separated from lattice diffusion and it is possible to obtain

lattice diffusion coefficients down to the lowest temperatures

(1000 °C). The differences between the mechanisms of short-circuit 
24- 24-diffusion of Ba and Ni in MgO will be discussed later. A least 

squares treatment of the data below 1500 °C leads to an Arrhenius 
equation for what will again be called region IV diffusion. We have

D = ^0.042 * ^ exp[-(3.3 ± 0.1) eV/kT] cm2 s"1 (5.14)

in agreement with the equation previously published [Harding, 1967a].

Between the two clearly defined lines (equations (5.13) and

(5.14)) the data points are rather scattered, the situation being
aggravated by the very low count rates arising from the low solubility

of barium in MgO. It is therefore not possible to assign an activation
24- 24-energy to region II, in the way that was done for Mg and Ni dif­

fusion. However, from the activation energies for region I and region 
IV, a value of 1.6 eV can be obtained.

Again, the alternative interpretation of the barium diffusion 

results is to draw a single straight line Arrhenius plot giving an 

activation energy of 2.9 eV for the entire temperature range 
(1000-2450 °C).

In order to investigate the previously mentioned parts B and 

C of the barium diffusion profiles, the experiments described in 

section 4.4.2 were performed. Six diffusion sandwiches, which had been 

carefully made up from pre-annealed MgO crystals; were diffusion- 

annealed in air for 1 hour at 1 580 °C. For such a short time, the VDt 

for lattice diffusion was only about 3 pm, and in only one case was the 

coefficient for part A evaluated. Figure 5.10 shows a series of 

integrated profiles obtained by plotting the activity remaining



86

50 100
penetrat ion

F i g u r e  5 .1 0 .  I n t e g r a t e d  p e n e t r a t i o n  p r o f i l e s  f o r  Ba-133 i n t o  MgO

s i n g l e  c r y s t a l s  a f t e r  d i f f u s i o n  a n n e a l i n g  f o r  1h a t  1580 °C, f o r  

v a r i o u s  p r e - a n n e a l i n g  t i m e s .

A - l a t t i c e  d i f f u s i o n ;  B and C - s h o r t - c i r c u i t  d i f f u s i o n .
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(arbitrary units) after material had been removed to a depth 'x' 

against penetration distance (pm) for samples pre-annealed for 2, 8, 17 
and 94 hours. The three component parts (A, B and C) are clearly 

present in the profile for the sample pre-annealed for only 2 hours. 

Part B for each profile yielded the diffusion coefficients, D, plotted 
against pre-annealing time in figure 5.11 and listed in table 5.7. 

Although not strictly correct, lattice diffusion mathematics were 

applied here in the manner described earlier [Harding, 1967a, 1967b]

2+Table 5.7. Diffusion coefficients for Ba in MgO obtained 
from parf B of the diffusion profiles after 1 h annealing 

at 1580 °C, as a function of pre-annealing time

Pre-annealing time (h) D (cm s )

0 
0 
2 

2 

8 
8 
17 
17 
26 
26 
94 
94

so that results could be compared with those obtained for the 'second 

region' in the previous study. The third part, C, of the profiles com­

prises a long tail persisting to large penetrations, even for the 

sample pre-annealed for the longest time. In spite of the large 

variations in the D's for part B, it can be seen that they tend to 

approach the true volume diffusion coefficient as the pre-annealing 

time is increased, and there is little doubt that the defects

1.51 X
1 .36 X 
3.09 X
4.03 X 
1.65 X 
1 .58 X 
2.38 X 
5.60 X
7.04 X 
2.50 X 
2.82 X 
3.74 X

r 9
r 9
f 9
r 10
f 9
r 10
, - i °

f 11
f10
f 11
f 11
.-10
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pre-annealing t ime

Figure 5.11. Diffusion coefficients evaluated from part B of the
penetration profiles in figure 5.10 plotted against pre-annealing 
time. The broken line is the lattice diffusion coefficient for 
1 580 °C.
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responsible anneal out with time. Hence, the second region eventually 

vanishes. The scatter of points may be due to a variation in the 
initial concentration of defects from crystal to crystal, or to the 

re-introduction of defects during the preparation of the diffusion 

sandwiches following pre-annealing. For example, in one half of the 
couple pre-annealed for 94 hours, the second part (B) was missing, 

whereas the other half yielded a complete three-part profile.

It is evident, then, that diffusion coefficients plotted 

previously as 'dislocation influenced' diffusion [see figure 3, Harding, 

1967a] depend not only on the time of annealing, but also on the 

extent of damage in any particular sample. It is therefore meaningless 

to calculate an activation energy for diffusion coefficients evaluated 

from part B of the experimental profiles in this work, and in many cases 
only the lattice diffusion coefficient was calculated.

5.4. Cadmium diffusion in MgO

The diffusion of cadmium in MgO was studied over the tempera­

ture range 1 770-2270 °C, using the tracer Cd-11 5m [Harding and Bhalla, 

1971], The Gruzin analysis was applied to a typical experimental
profile and it was found that pA was only about 5°]0 of ÖA /cix (seen ‘ n n
equation (4.10)). The graphical evaluation of the sum (pA^ - clA,̂ /dx ) 

led to greater errors than were introduced by neglecting the absorption 
term completely and using the integrated equation (4.5). The straight 

lines obtained in plotting erfc  ̂ F(x) vs. x (figure 5.12) confirmed 

this. Diffusion coefficients obtained are listed in table 5.8 along 

with other experimental details, and the graph of log D against 1/T is 

shown in figure 5.13. The straight line drawn through the points can 
be described by the equation
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penet rat ion

F i g u r e  5 . 1 2 .  P e n e t r a t i o n  o f  Cd-115m i n t o  s i n g l e  c r y s t a l  MgO. 

A - 2017 °C, 20m; B - 2267 °C, 1 4 . 5m.
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F i g u r e  5 .1 3 .  A r r h e n i u s  p l o t  f o r  Cd d i f f u s i o n  i n  MgO s i n g l e  c r y s t a l s .
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24-Table 5.8. Diffusion coefficients for Cd in MgO 
single crystals (argon atmosphere)

T (°C) t (s) ^ , 2 D (cm s"1)

1778 3540 7.47 X TO“11
1778 3540 9.59 X i o"11
1849 1170 1.09 X i o"10
1945 1770 2.91 X i o'10
2017 1200 4.11 X 1 o“10
2017 1200 6.19 X i o'10
2080 1170 5.28 X 10'10
2179 870 1.67 X i o"9
2179 870 1.10 X i o"9
2267 870 2.92 X i o-9

D = ^0.017 * o* 01*4 J exP["(3-4 ± 0.3) eV/kT] cm2 s"1 (5.15)

where errors have again been derived from a least squares treatment of 
the data. In view of the likely contribution from extrinsic diffusion, 
the data for 1778 °C were omitted from the calculation leading to 

equation (5.15), which is considered to relate to intrinsic diffusion.

5.5. Calcium diffusion in MgO

2+For comparison with Cd which has the same ionic radius,
2+Ca diffusion in MgO was studied over a similar temperature range. In 

this case, however, absorption of the 0.26 MeV ß rays in MgO was sig­

nificant. The absorption curve has been given in figure 4.12 and does 

not deviate very far from an exponential. The value of p was taken as 

430 cm ^. The Gruzin equation (4.10) was again used to analyse the raw 

profile data and in this case, the contributions from the two terms on 

the left hand side were about equal. This led to a greater scatter of 

points on the log f(x) vs. x2 plots (figure 5.14) than in the other
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0*50

200 400 6(2(penetration)  (jjm)

F i g u r e  5 .1 4 .  P e n e t r a t i o n  o f  Ca-45 i n t o  MgO s i n g l e  c r y s t a l s .

A - 1922 °C, 2 9 . 5ra; B - 1998 °C, 19.5m; C - 2080 °C, 14 .5  m.
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experiments. The graph of log D vs. 1/T, for the temperature range 

1850-2380 °C, is shown in figure 5.15 and table 5.9 gives the relevant 

details. The equation for D is

D = ^3.43 * 2 ' q 3  ^ X 10’3 exp [-(3.2 ± 0.2) eV/kT] cm2 s'1 (5.16)

and, as before, is considered to relate to region I diffusion. The 

activation energy is higher than both of the previously published 

values for diffusion at lower temperatures [Rungis and Mortlock, 1966; 

Wuensch and Vasilos, 1968]. .A comparison of these results is shown in 

figure 5.16.

29-Table 5.9. Diffusion coefficients for Ca in 
single crystal MgO (argon atmosphere)

T (°C) t (s) D (cmZ s'1)

1856 1740 9.36 X , < f n

1856 1740 7.24 X i o ' 11

1922 1770 1 .42 X i c f 1 0
- 1 01998 1170 2.62 X 10
-1 02080 870 6.94 X 10
-1 02172 870 6.04 X 10
-92268 570 1.50 X 10
-92381 570 2.49 X 10
- 92381 570 2.92 X 10

Cramer and Crow [1970] claim that the Gruzin method as 

applied in these experiments is only accurate for systems where radia­

tion absorption is either very strong or very weak. However, there is 

no approximation involved in the derivation of equation (4.10). The 

only requirement is that the absorption should be exponential over the 

penetration distances involved. The alternative suggested by Cramer
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Figure 5.15. Arrhenius plot for Ca diffusion in single crystal MgO. 
Bars represent value limits calculated by the Cramer and Crow 
[1970] method.
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F i g u r e  5 .1 6 .  A r r h e n i u s  p l o t  compar in g  Ca d i f f u s i o n  i n  MgO as  measured  

by H - H a rd in g  [ u n p u b l i s h e d ] ;  RM - Rungis  and M o r t l o c k  [1966]  and 

WV - Wuensch and V a s i l o s  [1968] .
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and Crow involves carrying out the integration in equation (4.9)

substituting (2.5) for c(x). This gives

An

When xn o, then A = A and n o

An erfc(^yDt + x /2-/Dt}n
A exp pxn er fc^T/Dt}

(5.18)
o

The diffusion coefficient can now be determined by plotting experiment­

this function (for various values of Dt) and selecting the proper Dt by 

comparison. This was done in the present case and the results are 

shown in figure 5.15. In most instances, only a range of D values 

could be extracted using this graphical method and these are plotted as 

bars on the graph. Allowing for this, it can be seen that the two 

methods of calculation give similar answers, as they should, although 

the points obtained using the Cramer and Crow method suggest that the 

activation energy and the pre-exponential factor may be a little higher 

(but still within error limits) than the values in equation (5.16).

5.6. Beryllium diffusion in MgO

2+Be diffusion in magnesium oxide was previously studied in 

this laboratory in the temperature range 1000-1700 °C [Harding and 

Mortlock, 1966]. In this work, the temperature range was extended 

upwards to 2340 °C. Furthermore, in view of the'more refined section­

ing method used here, experiments were repeated in the lower range.

Penetration profiles are shown in figure 5.17 where erfc  ̂ F(x) is
2+plotted against x (Be is readily soluble in MgO). Table 5.10 lists

ally measured values of A /A against x on detailed master graphs ofn o n
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penetrat ion (jjm)

F i g u r e  5 . 1 7 .  P e n e t r a t i o n  o f  Be-7 i n t o  s i n g l e  c r y s t a l  MgO f o r  v a r i o u s  

a n n e a l i n g  c o n d i t i o n s  ( a r g o n  a t m o s p h e r e ) .

A - 1800 °C, 19m; B - 1977 °C, 15m; C - 2150 °C, 10m;

D - 2341 °C, 10m.
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2+T a b l e  5 .1 0 .  D i f f u s i o n  c o e f f i c i e n t s  f o r  Be i n  s i n g l e  c r y s t a l  MgO

T (°C) t  (h  o r  s) D (cm^ s  ̂ ) Atmos.

636 2000 h -143 .2 9  X 10 a i r

636 2000 " -141 .46  X 10 II

1016 113 " 4 .6 6  X 10~12 II

1016 113 " -1 25 .1 0  X 10 II

1118 52 " 1 .4 5  X IO"11 It

1118 52 " 1 .3 0  X 10"11 it

1213 17 " 4 .3 3  X lO " 11 ii

1213 17 " 3 .8 9  X lO "11 it

1326 7 " 1 .0 8  X 10_1 ° II

1326 7 " 8 .4 8  X 10-11 it

1467 2 " 2 .82  X 1 0 " 10 ti

1467 2 " 3 .1 7  X 1 0 ‘ 10 ii

1647 3480 s 9 .2 5  X 1 0 “ 10 ti

1800 1140 " 1 .38  X 1 0"9 a r g o n

1800 1140 " 1 .37 X 10 “9 II

1903 1170 " 2 .2 4  X 10"9 II

1903 1170 " 2.01 X 10”9 II

1977 810 " 2 .9 0  X 1 0 " 9 II

1977 810 " 2 . 7 0  X 1 0"9 II

2058 870 " 3 . 8 0  X 1 0"9 it

2150 600 " 6 .36  X 10"9 II

2150 600 " 6 .1 2  X 1 0 " 9 It

2233 585 " 9 .6 9  X 10"9 II

2233 585 "
-9

7 .8 9  X 10 II

2341 600 " 1 .33  X 10"8 II

2341 600 " 1 .03 X 1 0 " 8 II
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the measured diffusion coefficients for various times and temperatures 

of annealing. Two coefficients were obtained at 636 °C, but these 

points are not included in the Arrhenius plot (figure 5.18) because of 

scaling problems. Also, at this temperature, the solubility (estimated 

using equation (2.7)) was at least ten times smaller than at 1000 °C, 

and an excess of tracer was present on the MgO surface after annealing. 

Equation (4.7) was therefore used to determine the diffusion 

coefficient.

There are two factors which are noteworthy concerning these

results. The first is that although there is a hint of structure in
2+ 2+the Arrhenius plot, it is not as pronounced as in the Mg , Ni and

2+Ba diffusion data. Indeed a straight line can be drawn through all 

points in the temperature range 1000-2430 °C and this can be described 
by the least squares equation

D = M .99 * q * 2 2  ) x 10"5 exp[-(1.68 ± 0.02) eV/kT] cm2 s"1 (5.19)

which compares favourably with the previously published result. Even

the points at 636 °C are only a factor of 2-3 times the coefficient
predicted for this temperature by equation (5.19) (i.e. 9.28 X 10 ^

cm^ s )̂. It is interesting, however, that points above 1900 °C alone

give a larger activation energy (2.0 eV), as do those below 1500 °C,

(1.77 eV). The second point to be noted is that diffusion coefficients
2+for Be in MgO are at least an order of magnitude greater than the 

coefficients measured for other impurities and several times greater 

than the self-diffusion coefficients.

5.7. Germanium diffusion in MgO

With a few remaining MgO single crystals, several diffusion 

coefficients for Ge in MgO were measured in the temperature range
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Figure 5.18. Arrhenius plot for Be diffusion in single crystal MgO.

- - Harding and Mortlock [1966]; 
o - Argon annealing; 
x - Air annealing.
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1860-2340 °C. At temperatures up to 2050 °C, it was found that 

germanium was not very soluble in MgO and equation (4.7) was used to 

evaluate D. (However, very nearly the same values were obtained using 

equation (4.5), though a large negative intercept on the x-axis 

resulted - see section 4.5.1.) Above 2050 °C, equation (4.5) was used 

as there was no evidence of a surface excess of tracer after annealing. 

In one experiment, at 2167 °C, the amount of tracer which dissolved in 

the host lattice was at least 20 times larger than in the other runs. 

The plot of erfc  ̂ F(x) vs. x in this case (figure 5.19) shows a curva­

ture at small penetrations. Deeper within the crystal the line becomes 

straight, and D was calculated from this portion of the graph. This
curvature could be due to a concentration dependence of D, as found for 

3+Sc by Solaga and Mortlock [1970], although other factors previously 

discussed (section 4.5.2) may well be present. In the other runs, Ge 
concentrations were much less and linear ierfc  ̂ F(x)/1.772 vs. x 
plots were obtained.

The Arrhenius plot for germanium diffusion in MgO is shown in 
figure 5.20 and the corresponding equation is

D = ^0.34 + q * 2 3 exp[-(4.0 ± 0.2) eV/kT] cm^ s  ̂ . (5.20)

Diffusion coefficients are given in table 5.11. The activation energy

is significantly larger than values for divalent ions and it seems
4+likely that germanium diffuses in MgO as Ge

It should be pointed out that the tracer used was carrier- 

free and since the total count obtained from a diffused sample was 
usually less than one per second, the data obtained refers to diffusion 

under very dilute conditions. This will be discussed further in the

next chapter.
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F i g u r e  5 . 1 9 .  P e n e t r a t i o n  o f  Ge-68 i n t o  s i n g l e  c r y s t a l  MgO. 

A - 2343 °C, 580s ;  B - 2167 °C, 880s .
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Figure 5.20. Arrhenius plot for Ge diffusion in MgO single crystals 
(v. dilute concentration).



T a b l e  5 .1 1 .  D i f f u s i o n  c o e f f i c i e n t s  f o r  Ge i n  

s i n g l e  c r y s t a l  MgO ( a r g o n  a tm o s p h e re )

44 -

T (°C) t  ( s ) n ( 2 - KD (cm s )

1863 1740 i . o o  x  i o "10
1940 1170 2 .8 9  X 1 0"10

2048 870 5.77 X 1 0 " 10

2167 880 2 .0 0  X 1 0"9

2343 580 5 .7 4  X 1 0 " 9
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6. D i s c u s s i o n

6 . 1 .  D e f e c t  f o r m a t i o n  and m i g r a t i o n  i n  MgO

6 . 1 . 1 .  T h e o r e t i c a l  c a l c u l a t i o n s

Magnesium o x i d e ,  b e c a u s e  o f  i t s  r o c k - s a l t  s t r u c t u r e  and 

s t r o n g l y  i o n i c  c h a r a c t e r ,  has  been  g e n e r a l l y  a c c e p t e d  as  a  m a t e r i a l  i n  

w h ic h  S c h o t t k y  d i s o r d e r  p r e d o m i n a t e s  a t  s u f f i c i e n t l y  h i g h  t e m p e r a t u r e s  

( c f .  t h e  a l k a l i  h a l i d e s ) .  However , a t t e m p t s  t o  c a l c u l a t e  d e f e c t  fo rm a ­

t i o n  e n e r g i e s  i n  o x i d e s  u s i n g  t h e  M o t t - L i t t l e t o n  [1938]  a p p ro a c h  have  

n o t  met w i t h  much s u c c e s s .  Y am ash i t a  and Kurosawa [1954]  found t h a t  

oxygen -oxygen  s h o r t - r a n g e  i n t e r a c t i o n s  were  a t t r a c t i v e  r a t h e r  t h a n  

r e p u l s i v e ,  t h u s  p r e c l u d i n g  t h e  Born-Mayer  t r e a t m e n t  u s i n g  i o n i c  r a d i i .  

A l s o ,  t h e y  found i t  n e c e s s a r y  t o  assume t h a t  t h e  p o l a r i s a b i l i t y  o f  

oxygen i o n s  a d j a c e n t  t o  a c a t i o n  v a c a n c y  i s  a b o u t  one t h i r d  o f  t h e  

v a l u e  f o r  i o n s  i n  p e r f e c t  s u r r o u n d i n g s ,  i n  o r d e r  t o  o b t a i n  even a  s m a l l  

p o s i t i v e  v a l u e  f o r  t h e  e n e rg y  o f  f o r m a t i o n  o f  a S c h o t t k y  p a i r ,  h^ .  The 

v a l u e  o f  4 -6  eV o f t e n  a t t r i b u t e d  t o  t h e s e  a u t h o r s  was ,  i n  f a c t ,  an 

e s t i m a t e  b a s ed  on a  c o m p a r i s o n  w i t h  NaCl u s i n g  t h e  m e l t i n g  p o i n t  c o r ­

r e l a t i o n  [Barr  and L i d i a r d ,  1970] .  More r e c e n t  c a l c u l a t i o n s  by 

Boswarva and F r a n k l i n  [1968]  a g r e e  w i t h  t h e  f i n d i n g s  o f  Yam ash i ta  and 

Kurosawa i n  p r i n c i p l e .  T he se  a u t h o r s  o b t a i n e d  2 . 1 - 2 . 9  eV f o r  h g , i f  

o n l y  n e a r e s t - n e i g h b o u r  s h o r t - r a n g e  i n t e r a c t i o n s  were  c o n s i d e r e d ,  w h i l e  

i f  s h o r t  r a n g e  i n t e r a c t i o n  p a r a m e t e r s  w ere  d e r i v e d  from e l a s t i c  c o n ­

s t a n t  d a t a ,  t h e y  a r r i v e d  a t  a  v a l u e  o f  3 .97  eV. The most  r e c e n t

a t t e m p t  t o  c a l c u l a t e  h has  been  by Boswarva [1972] and t h e  v a l u e s
s

g i v e n  a r e  9 .07  eV and 10 .09  eV.

I t  i s  p o s s i b l e  t o  o b t a i n  h^ ,  and t h e  e n t h a l p i e s  o f  f o r m a t i o n

f o r  s i n g l e  i o n i s e d  and n e u t r a l  S c h o t t k y  d e f e c t s  ( h 1 and h r e s p e c t i v e l y )s s
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from a thermo-chemical-type calculation based on a series of possible

solid state reactions in pure MgO. In theory, the heats of reaction

required can be obtained from the band structure of MgO. Unfortunately,

owing to the large Franck-Condon shift characteristic of polar

crystals, it is impossible to deduce directly the equilibrium position

of 'thermal' levels from optical absorption data. However, Kröger

[1964], from a comprehensive review of available information, has

arrived at reasonable estimates of the thermal energies required, for

eight diatomic compounds. For the most ionic of these (KBr,KI) it was

found that h was equal to the heat of sublimation, H , . The mean s sub
value of h /H , for all cases was greater than 0.8. Since MgO is s sub
strongly ionic, we shall assume h is equal to H , (10.3 eV). Thes sub
reactions concerned are shown in table 6.1 together with Kroger's
energy values for KBr and KI. For MgO, the energies E', E and E* werea b  b

" } •calculated from the absorption energies of the , F and F centres 
[see Henderson and Wertz, 1968; • Kappers, Kroes and Hensley, 1970] 
using the equations given by Kroger [1964]. We have

(z / k + 5c/ ̂ 6)p- ____ sE (thermal) _ _____________________________
E (absorption) (z/k + 15c/16)(z//c + 5c/16) (6 .1)

where c = 1 /K - 1 Ik. and k , k and z are the high frequency dielectric o s o s
constant, the static dielectric constant and the effective charge on the 

ionised centre. The binding energy of a hole to a centre is 

estimated by Henderson and Wertz [1968] to be less than 1 eV. The value 

assigned here is E'/2.
3.

The optical band gap of MgO is given by Reiling and Hensley 

[1958] as 8.7 eV. The difference between this and the thermal value 

was estimated from the difference between the emission and absorption 

energies of the F centres, allowing 0.7 eV for the dissociation energy 

of an exciton in MgO (~ 13.54/2^^). In an alternative calculation, the
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T a b l e  6 . 1 .  R e a c t i o n s  used  i n  t h e  e v a l u a t i o n  o f  f o r m a t i o n  

e n e r g i e s  f o r  S c h o t t k y - t y p e  d e f e c t s

Energy  (eV)
R e a c t i o n

* + h

v a l u e  o b t a i n e d ,  u s i n g  an e l e m e n t a r y  model  [Mott and Gurney ,  1 9 48 ] ,  

a g r e e d  w e l l  w i t h  t h e  f i r s t  r e s u l t .  A mean v a l u e  o f  1 .3  eV was t a k e n ,  

g i v i n g  7 .4  eV f o r  E . .  T h i s ,  i n  f a c t ,  i s  n o t  v e r y  d i f f e r e n t  f rom t w i c e  

t h e  a c t i v a t i o n  e n e rg y  f o r  e l e c t r o n i c  c o n d u c t i o n  (7.1 eV) o b t a i n e d  by 

M i t o f f  [1962] .

Now from t h e  r e a c t i o n s  c o n s i d e r e d ,  we f i n d  t h a t

hX = h '  + E. - EX - E* ( 6 . 2 )
s s i a  b

and

h '  = h + E. s s i
-  E'  - E* . a  b ( 6 . 3 )

Upon s u b s t i t u t i o n , we o b t a i n  h '  = 6 .6  s eV and h = 4 . 0  eV. s
A l though

t h e s e  v a l u e s  a r e  n e c e s s a r i l y  a p p r o x i m a t e ,  t h e y  do s u g g e s t  t h a t  i t  i s  

t h e  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  s i n g l y  i o n i s e d  S c h o t t k y  d e f e c t  t h a t  

s h o u l d  be compared ,  on t h e  b a s i s  o f  m e l t i n g  p o i n t ,  w i t h  t h e  a l k a l i  

h a l i d e s  ( i n  w h ic h ,  o f  c o u r s e ,  such d e f e c t s  a r e  s i n g l y  i o n i s e d ) .
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F r e n k e l  d e f e c t s  have  been  r e g a r d e d  as  u n l i k e l y  to  o c c u r  i n  

MgO unde r  normal  c o n d i t i o n s .  A M o t t - L i t t l e t o n  c a l c u l a t i o n ,  by Raux and 

E l s t o n  [1970] ,  gave v a l u e s  f o r  t h e  f o r m a t i o n  e n t h a l p i e s  o f  c a t i o n  and 

a n i o n  d e f e c t s  o f  7 . 3  eV and 17 .3  eV r e s p e c t i v e l y .  The same w o rk e rs  

o b t a i n e d  an e x p e r i m e n t a l  v a l u e  o f  ( 6 . 3  ± 1 . 6 )  eV from s t u d i e s  o f  Wigner  

e n e r g y  r e l e a s e  i n  MgO. I f  t h e  c o n c l u s i o n ,  t h a t  S c h o t t k y  d i s o r d e r  

p r e d o m i n a t e s  i n  t h i s  m a t e r i a l ,  i s  v a l i d ,  t h e n  h^ must  be somewhat lower 

t h a n  6 .3  eV.

I t  a p p e a r s  t h a t  no c a l c u l a t i o n  o f  d e f e c t  m i g r a t i o n  e n e r g i e s  

h a s  been  done f o r  magnesium o x i d e .  L i d i a r d  [1967] e s t i m a t e s  t h a t  Ahm

f o r  b o th  a n i o n  and c a t i o n  v a c a n c i e s  i s  a b o u t  1 . 5  eV. More r e c e n t l y ,  a 

r e v i s e d  v a l u e  o f  2 . 5  eV has  be e n  g i v e n  b a s ed  on m e l t i n g  p o i n t  

c o m p a r i s o n s  [Barr  and L i d i a r d ,  1970] .

6 . 1 . 2 .  E x p e r i m e n t a l  i n f o r m a t i o n  on d e f e c t s  i n  MgO

E x p e r i m e n t a l  methods o f  d e t e r m i n i n g  t h e  dom in an t  d e f e c t  i n

c r y s t a l s  i n c l u d e  t h e  e v a l u a t i o n  o f  t r a n s p o r t  numbers  f rom c o n d u c t i v i t y

m ea s u rem e n ts ,  t h e  c o m p a r i s o n  o f  p y k n o m e t r i c  d e n s i t y  cha nges  w i t h

m easurem en ts  o f  l a t t i c e  c o n s t a n t s  u s i n g  X - r a y  d i f f r a c t i o n ,  and

d i e l e c t r i c  p o l a r i s a t i o n  and l o s s  e x p e r i m e n t s .  D i f f u s i o n  m easurem ents

i n  MgO s u g g e s t  t h a t  t h e  same mechanism i s  r e s p o n s i b l e  f o r  t h e  m o t io n  o f

b o th  magnesium i o n s  and i m p u r i t y  c a t i o n s ,  s i n c e  t h e  a c t i v a t i o n  e n e r g i e s

a r e  o f  s i m i l a r  m a g n i tu d e .  Many i m p u r i t i e s  found  i n  MgO a r e  o f  s i m i l a r

s i z e  t o  t h e  h o s t  c a t i o n  and h e n c e  a r e  e a s i l y  accommodated s u b s t i t u t i o n -

a l l y .  E l e c t r o n  s p i n  r e s o n a n c e  e x p e r i m e n t s  [ e . g .  Wertz  and A u z in s ,

1957;  W e r t z ,  O r to n  and A u z i n s ,  1962]  have  shown t h e  e x i s t e n c e  o f

17 3c h a r g e  c o m p e n s a t in g  v a c a n c i e s  i n  c o n c e n t r a t i o n s  o f  up t o  10 p e r  cm 

i n  MgO, and t h e  d i f f u s i o n  c o e f f i c i e n t  has  been  c l e a r l y  shown t o  be 

d e p e n d e n t  on t h e  c o n c e n t r a t i o n  o f  a l i o v a l e n t  i o n s  i n  t h e  l a t t i c e  a t
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otemperatures below 1700 C [e.g. Solaga and Mortlock, 1970; Yamaguchi,

1969]. It is reasonable to conclude, therefore, that a vacancy

mechanism operates for the diffusion of many impurities in MgO.
2+However, it can be shown that very small cations, such as Be , may 

feasibly be accommodated in the lattice on interstitial sites.

6.2. Self-diffusion in magnesium oxide

A summary of self-diffusion data for magnesium oxide is shown 

in figure 6.1. This includes the early Lindner and Parfitt [1957] 

results, the data reported here and the very recent information pub­

lished by Wuensch, Steele and Vasilos [1972]. The oxygen diffusion 

data of Oishi and Kingery [1960] and Rovner [1966] are also shown, 

although both these studies were carried out using polycrystalline 

material. Conductivity results will not be considered because of the 

varying contribution of electronic processes to conduction.

For reasons already discussed, it appears that self-diffusion 

proceeds by a vacancy mechanism. There are three factors which must be 

considered when attempting to interpret the available experimental 

information. These are the presence of aliovalent impurities, the 

possible influence of oxygen partial pressure and the likely existence 

of intrinsic Schottky defects.

6.2.1. The effects of impurities on diffusion

Vacancies arise from the need for charge compensation in an 

ionic lattice and any factor which influences the concentration of 

aliovalent impurities may very well have an effect on diffusion. Such 

effects are illustrated in the data obtained from as-received tracer 

(ART) experiments, where there are two distinct slopes in the Arrhenius 

plot (equations (5.3) and (5.7)).
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F i g u r e  6 . 1 .  Summary o f  d a t a  f o r  s e l f - d i f f u s i o n  i n  MgO, i n c l u d i n g  t h e  

oxygen  d i f f u s i o n  r e s u l t s  o f  O i s h i  and K inge ry  [1960]  and Rovner  

[1966] .
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I m p u r i t y - v a c a n c y  a s s o c i a t i o n  i s  known t o  o c c u r  i n  MgO [ G la s s ,  

1967;  G la s s  and S e a r l e ,  1967; W ertz  and A u z in s ,  1967; Craw ford ,

1970 ] .  Work w i t h  t h e  a l k a l i  h a l i d e s  shows t h a t  t h e  e f f e c t  on t h e  

A r r h e n i u s  p l o t  i s  t o  p roduce  a smooth c u r v e  concave  t o  t h e  o r i g i n ,  

r e g i o n  I I I  by c o n v e n t i o n  [ e . g .  K i r k  and P r a t t ,  1967;  H o o d l e s s ,  S t r a n g e  

and Wylde, 1971] .  R e f e r e n c e  t o  f i g u r e  5 .2  shows t h a t  t h e  downturn  i n  

t h e  A r r h e n i u s  p l o t  i n  t h i s  work i s  r e l a t i v e l y  s h a r p .

I m p u r i t y - p r e c i p i t a t i o n  i s  a l s o  w e l l - e s t a b l i s h e d  i n  MgO and

a p p a r e n t l y  can  o c c u r  even when c o n c e n t r a t i o n s  a r e  v e r y  low [ L e ip o l d ,

1966; S r i n i v a s a n  and S t o e b e ,  1970] .  Bar r  and L i d i a r d  [1970]  p o i n t  ou t

t h a t  p r e c i p i t a t i o n - c o n t r o l l e d  d i f f u s i o n  ( r e g i o n  IV by c o n v e n t i o n )  can

be  r e c o g n i s e d  by a s h a r p  change i n  t h e  s l o p e  o f  t h e  A r r h e n i u s  p l o t ,  or

by t h e  s u p e r p o s i t i o n  o f  d i f f u s i v i t i e s  f o r  samples  c o n t a i n i n g  d i f f e r i n g

amounts  o f  i m p u r i t y .  The fo rm er  r e q u i r e m e n t  i s  s a t i s f i e d  i n  t h e

r e s u l t s  o b t a i n e d  h e r e ,  b u t  s i n c e  t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  ART and

DT e x p e r i m e n t s  do n o t  c o i n c i d e ,  t h e  p r e c i p i t a t i n g  i m p u r i t y  c a n n o t  be

34-a lu m in ium  a l o n e .  The most  l i k e l y  a l t e r n a t i v e  i s  Fe . I r o n  has  been

shown t o  be i m p o r t a n t  i n  e l e c t r i c a l  c o n d u c t i v i t y  [ M i t o f f ,  1959, 1962]

X - r a y  a b s o r p t i o n  [Soshea ,  Dekker  and S t u r t z ,  1958]  and p r e c i p i t a t i o n

s t r e n g t h e n i n g  [ S r i n i v a s a n  and S t o e b e ,  1970 ] .  The d i f f u s i o n  s t u d i e s  o f

Yamaguchi  [1969]  a l s o  p r o v i d e  s u p p o r t  f o r  t h i s  s u g g e s t i o n .  F i g u r e  6 . 2 ,

b a s e d  on some o f  Yamaguch i1s d a t a ,  shows t h e  d i f f u s i o n  c o e f f i c i e n t  o f

Ni i n  MgO, m easured  a t  1450 °C, p l o t t e d  a g a i n s t  t h e  m ola r  c o n c e n t r a t i o n s

( p e r  c e n t )  o f  Cr^O^ and d o p a n t s .  I t  can  be s e e n  t h a t  e q u a l

amounts  o f  d o pa n t  p ro d u ce  v e r y  d i f f e r e n t  enhancem en ts  o f  t h e  d i f f u s i o n

34- 34-c o e f f i c i e n t .  Both Cr and Fe can  form a s s o c i a t e s  w i t h  c a t i o n  

v a c a n c i e s  and i t  c o u ld  be t h a t  t h e  a d d i t i o n a l  e f f e c t  o f  p r e c i p i t a t i o n  

i s  r e s p o n s i b l e  f o r  t h e  r e l a t i v e l y  s m a l l  enhancement  p roduced  by f a i r l y  

l a r g e  a d d i t i o n s  o f  Fe^O^.
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mole %

Figure 6.2. The enhancement of Ni diffusion in MgO doped with chromic 
and feric oxides at 1450 °C [Yamaguchi, 1969].
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I n  view o f  t h e s e  comments,  i t  i s  s u g g e s t e d  t h a t  t h e  d i f f u s i o n

c o e f f i c i e n t s  o b t a i n e d  below 1500 °C from ART e x p e r i m e n t s  a r e

p r e c i p i t a t i o n - c o n t r o l l e d  and t h e  a c t i v a t i o n  e ne rgy  ( e q u a t i o n  ( 5 . 3 ) )  i s

e q u a l  t o  Ah + h . , / 3 .  Above 1500 °C, t h e  lower a c t i v a t i o n  e n e rg y  can  be m d

i n t e r p r e t e d  as b e in g  Ah a l o n e ,  s i n c e  t h e  d i f f u s i o n  i s  s t i l l  i m p u r i t y -  

c o n c e n t r a t i o n  d e p e n d e n t .  I t  i s  t h e r e f o r e  c o n c lu d e d  from t h i s  d a t a ,  

t h a t  t h e  e n t h a l p y  o f  m o t ion  o f  a c a t i o n  va c anc y  i s  ( 1 . 5 6  ± 0 .0 8 )  eV.

We t u r n  now t o  t h e  d a t a  o b t a i n e d  from t h e  DT e x p e r i m e n t s  and 

t h e  r e s u l t s  p u b l i s h e d  by o t h e r  w o r k e r s .  The s i m p l e s t  i n t e r p r e t a t i o n  o f  

t h e  fo rm er  i s  t h a t  t h e y  l i e  e n t i r e l y  i n  t h e  e x t r i n s i c  r e g i o n  and d i f ­

f u s i o n  p r o c e e d s  w i t h  an  a c t i v a t i o n  e n e rg y  o f  2 .57  eV ( e q u a t i o n  ( 6 . 1 ) ) .  

The r e s u l t s  o f  Wuensch e t  a l .  [1972] l e a d  t o  an a c t i v a t i o n  en e rg y  o f  

2 . 7 6  eV f o r  a s i m i l a r  t e m p e r a t u r e  r a n g e ,  w h i l e  L in d n e r  and P a r f i t t  

[1957] o b t a i n e d  3 . 4  eV f o r  t h e  r a n g e  1400-1600 °C.

Wuensch e t  a l .  [1972]  have t a k e n  t h e i r  a c t i v a t i o n  e n e rg y  to  

be Ah^,  w i t h  D ' s  f o r  b o t h  N or ton  and S p i c e r  MgO l y i n g  on t h e  same l i n e .  

However , t a b l e  4.1 shows t h a t  t h e  v a c a n c y  c o n c e n t r a t i o n s  a r i s i n g  from

i m p u r i t i e s  i n  t h e  two m a t e r i a l s  d i f f e r  by a  f a c t o r  o f  more t h a n  t e n .

2+Even i f  a l l  t h e  i r o n  w e re  p r e s e n t  a s  Fe , and t h e  work o f  Davidge

[1967]  and o t h e r s  i m p l i e s  t h a t  t h i s  i s  u n l i k e l y ,  t h e r e  would s t i l l  be  a

l a r g e  d i f f e r e n c e  b e tw een  t h e  N or ton  and S p i c e r  c r y s t a l s  i n  t h i s  r e s p e c t .

T h i s  s u g g e s t s  t h a t  D i s  i n d e p e n d e n t  o f  sample p u r i t y .  The a c t i v a t i o n

e n e rg y  c a n n o t  t h e n  r e p r e s e n t  o n l y  Ah .
m

A nothe r  p o i n t  t o  be n o t e d  i s  t h a t  a t  t e m p e r a t u r e s  o f  2100 °C 

and o v e r ,  t h e  ART and DT r e s u l t s  o b t a i n e d  i n  t h i s  work c o i n c i d e .  S in c e  

t h e r e  i s  a l a r g e  p u r i t y  d i f f e r e n c e  be tw een  t h e s e  two s e t s  o f  s a m p le s ,  

t h e  i m p l i c a t i o n  i s  t h a t  D i s  i n t r i n s i c  a t  t h e s e  t e m p e r a t u r e s .  T h i s  i s  

d e f i n i t e l y  n o t  so a t  t e m p e r a t u r e s  below 1700 °C, s a y .  The re  must ,  

t h e r e f o r e ,  be a change  t o  e x t r i n s i c  d i f f u s i o n  a t  some p o i n t .
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Again, if diffusion is impurity dependent over the entire

temperature range, the data of Wuensch et al. for Norton MgO should lie

above those obtained here, if the analysis given in table 4.1 is
3+correct. It has already been pointed out that the Al content of the

Mg-28 tracer when diluted is negligible, and the suggestion by Wuensch

et al., that the Si decay product contributes to the impurity level in

this work, is untenable because of the low specific activities used.

Finally, if Ah is 2.57-2.76 eV, then it is difficult to m
explain the value of 1.56 eV obtained above, and the 3.4 eV obtained by 

Lindner and Parfitt between 1400 °C and 1600 °C.

6.2.2. Oxygen partial pressure and diffusion

Since the explanation of the seif-diffusion measurements, in

terms of extrinsic diffusion only, led to a number of difficulties, the

possibility that the vacancy concentrations are controlled by oxygen

partial pressure (pn ) must be considered. Reactions of the typeU2

J0£(g) - + 0* + 2h* (6.4)

have been invoked to explain the dependence of conductivity in MgO

[Osburn and Vest, 1970] and CaO [Duvigneaud and Wollast, 1970], and

diffusion in SrO above 1450 C [Murarka and Swalin, 1971] on p .02
Calculation shows that below 1700 °C (where the DT experiments

were performed in air) the difference between these results and those

obtained by Wuensch et al. can be explained by an approximate p1/6

dependence, as required by reaction (6.4). The activation energy in

this case would represent (Ah + H /3) where H is the heat of reactionm f f
(6.4). From the DT results, and using Ah equal to 1.56 eV, we obtain

equal to 3.0 eV. This however includes the energy of dissociation

of an oxygen molecule in the gaseous phase (2.59 eV). Thus the energy
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of formation of a doubly ionised cation vacancy would be 0.41 eV, an 
impossibly low value.

The Ni and Ba impurity diffusion studies below 1700 °C showed

no dependence of D on p . The results for Ni also indicated that, in02
this temperature range, vacancy concentrations were impurity controlled. 

Wuensch and Vasilos [1962, 1971] found that the same Arrhenius equation 

could describe the diffusion coefficients for Ni in MgO in both air and 

argon. Furthermore, if an atmosphere effect did exist, the Arrhenius 

plot for the DT results for self-diffusion would show a discontinuity 
on changing to an argon atmosphere above 1700 °C. This would contradict 

the original assumption that equation (5.1) completely describes the 

results. The weight of evidence, therefore, seems to be against an 
atmosphere effect.

6.2.3. An interpretation involving Schottky defects

It was noted in section 6.2.1 that, at temperatures of 2100 °C

and over, the results for ART experiments and DT experiments coincide

indicating that D is independent of impurities. At 1900 °C and above,

the DT results are described by equation (5.6) with a significantly

greater activation energy operating. Since an atmosphere effect on D

is unlikely, it is proposed that this activation energy represents

(Ah + h /2) and for a value of 1.56 eV for Ah , we obtain an enthalpy m s  m
of formation of a Schottky defect of (3.8 ± 0.3) eV. A further 

inspection of the DT results leads to equation (5.8) for extrinsic 

(region II) diffusion.

The high activation energy obtained by Lindner and Parfitt 
[1957] has been attributed to intrinsic diffusion [Lidiard, 1967;

Harding et al., 1971]. However, an analysis of MgO crystals from the 
same supplier as those used in the diffusion study (the Infra-red
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Development Company) has been given by Clarke [1957] and it appears 

that Fe and A1 were each present to 100 ppm. The Si content varied 

from 10 ppm for one sample to 400 ppm for another. Even taking the 

minimum impurity level, it is unlikely that intrinsic diffusion would 

be observed in the temperature range covered (1400-1600 °C). The data 

obtained in this work resolve the difficulty and show that these early 

results could well have related to region IV diffusion. Not only do 

the activation energies agree, but the diffusivities are in close 
accord also.

Using h^ = 3.8 eV, it is possible to calculate the entropy of 

formation, s^, of a Schottky pair and the entropy of motion of a cation 
vacancy, A ŝ . The expressions for D in the intrinsic and extrinsic 
regions, respectively, are

D = ya2v exp(-g /kT) exp(-Ag /kT) (6.5)s o s m
and

D = ya2V n exp(-Ag /kT) (6.6)e o c m

At a temperature well below the 'knee' between the two regions
(~ 1800 °C), n can be regarded as constant and equal to the vacancy c
concentration introduced by aliovalent impurities, n^ (60 ppm).

Dividing (6.5) by (6.6) eliminates 7, a^, V and Ag^. Extrapolating the 

data described by equation (5.6) to a sufficiently low temperature, ss
is found to be 1.8 k. A similar value is obtained from the 'knee' 

temperature itself, where n^ = n̂ . The entropy of motion can be cal­

culated from the intrinsic and extrinsic pre-exponential factors if 

7 ~ 1 , V ~ 5 X 1012 s  ̂ and a = 4.2 A. We obtain thus 1.2 k and 1.1 k 
respectively. The entropy of formation is, in fact, low compared with 

the alkali halides, but As^ is satisfactory. The self-consistency of 
these calculations is gratifying.
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The d a t a  o b t a i n e d  by Wuensch e t  a l .  do no t  a p p e a r  t o  f i t  i n t o  

t h i s  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .  The d i f f e r e n c e  i n  a c t i v a t i o n  

e n e r g i e s  may p o s s i b l y  be due t o  t h e  r e l a t i v e l y  few d a t a  p o i n t s  m easured  

by t h e s e  w o r k e r s .  Assuming t h a t  N or ton  MgO in d e e d  c o n t a i n s  120 ppm 

v a c a n c i e s  a r i s i n g  from i m p u r i t i e s ,  t h e  ' k n e e '  t e m p e r a t u r e ,  based  on t h e  

S c h o t t k y  d e f e c t  e n e r g i e s  c a l c u l a t e d  above ,  s h o u ld  be a b o u t  1950 °C.

Only f o u r  p o i n t s  were  o b t a i n e d  above t h i s  t e m p e r a t u r e  and any i n t r i n s i c  

e f f e c t  c o u ld  have  p a s s e d  u n n o t i c e d .  At t h e  lower  end o f  t h e  t e m p e r a t u r e  

r a n g e ,  d i s l o c a t i o n  enhancement  i n  t h e  p r e s e n c e  o f  p r e c i p i t a t i o n  may 

ha ve  o b s c u r e d  t h e  e x i s t e n c e  o f  r e g i o n  IV d i f f u s i o n .  T h e r e f o r e ,  t h e  

2 . 7 6  eV a c t i v a t i o n  e n e rg y  may w e l l  be an a v e r a g e  f o r  s e v e r a l  p r o c e s s e s .  

The low d i f f u s i o n  c o e f f i c i e n t s  have  s t i l l  t o  be e x p l a i n e d ,  however .  I n  

t h i s  r e s p e c t  two comments may be made r e g a r d i n g  t h e  e x p e r i m e n t a l  t e c h ­

n i q u e  u sed  by Wuensch e t  a l .  F i r s t l y ,  a  mass s p e c t r o m e t e r  was u s e d  t o  

d e t e r m i n e  d i f f u s i o n  p r o f i l e s ,  r a t h e r  t h a n  a r a d i o - i s o t o p e  method.  

S e c o n d ly ,  d i f f u s i o n  c o u p l e s  were  a n n e a l e d  f o r  f a r  l o n g e r  t im e s  t h a n  

w e re  used  i n  t h i s  s t u d y ,  and were  e n c a p s u l a t e d  i n  p r e s s e d  p o l y c r y s t a l ­

l i n e  MgO, r a t h e r  t h a n  a c l o s e d  c r u c i b l e ,  t o  p r e v e n t  e v a p o r a t i o n .

F u r t h e r  e x p e r i m e n t s  a p p e a r  t o  be n e c e s s a r y  t o  d e t e r m i n e  w h e t h e r  o r  no t  

t h e  d i s c r e p a n c y  i n  d i f f u s i v i t i e s  can  be a t t r i b u t e d  t o  t h e  d i f f e r e n t  

e x p e r i m e n t a l  methods u s e d .

6 . 3 .  D i v a l e n t  i m p u r i t y  d i f f u s i o n  i n  MgO 

6 . 3 . 1 .  N ic k e l

2+The A r r h e n i u s  p l o t  f o r  Ni d i f f u s i o n  i n  MgO shows t h e  same

f e a t u r e s  as  were  found  i n  s e l f - d i f f u s i o n .  The e x i s t e n c e  o f  a r e g i o n  I I

o v e r  a  na rrow r a n g e  (1500 -1900  °C) i s  c o n f i r m e d  by t h e  e x p e r i m e n t s  i n  

3+w h ic h  Al was d e l i b e r a t e l y  added  t o  t h e  t r a c e r  s o l u t i o n  t o  s i m u l a t e  

t h e  c o n d i t i o n s  unde r  wh ich  t h e  ART r e s u l t s  were  o b t a i n e d  f o r  s e l f -
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diffusion. Again, the onset of region IV diffusion is accompanied by a 

small enhancement by a short-circuit mechanism, and over regions II and 

IV no difference in diffusion coefficient was produced by a change of 

atmosphere from air to argon. From the activation energies in 

equations (5.9) and (5.10), the formation energy of a Schottky defect 
pair is 3.4 eV. Within error limits, this value is in satisfactory 

agreement with that obtained in self-diffusion. The temperature 

dependence of the correlation factor should be negligible, since Ahm
2+ 2+for Ni diffusion is very close to that for Mg motion.

2+Another study of Ni diffusion in MgO has been made over a 

similarly wide temperature range by Wuensch and Vasilos [1971], using 
an electron microbeam probe to determine diffusion profiles. Although 

this was not a tracer study, Blank and Pask [1969] have shown that the 

activation energy for diffusion does not vary with concentration, at 
least at lower temperatures (1200-1400 °C). Wuensch and Vasilos claim 
that one equation describes their data over the entire temperature 

range, namely equation (5.12). However, a least squares calculation of 

their data above 1900 °C gives an activation energy of (3.26 ± 0.25) eV 

for Norton crystals alone, and (2.93 ± 0.24) for both Norton and Spicer 

MgO. Both types of material again gave diffusion coefficients that 

agreed closely, showing that diffusion at these temperatures is not 

impurity controlled. Not only do these higher activation energies 

agree with that in equation (5.9), but in this case, the diffusivities 

are also in reasonable agreement with the data obtained in this study. 

To ignore the structure in the Arrhenius plot and use equation (5.11) 

to describe all data in the temperature range 1100-2500 °C leaves the 

lower activation energy obtained with the doped system (1.6 eV)
unexplained.
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The mass spectrometric study by Yamaguchi [1969] has been

mentioned previously. Over the temperature range 1400-1550 °C, the
2+activation energy for Ni diffusion in MgO ranged between 3 eV and

3+ 3+ 2+4 eV for 'pure' MgO and MgO doped with Fe , Cr and Co . Allowing 

for the narrow temperature range, these S values agree with the region 

IV activation energy found here (3.2 eV). Furthermore, the diffusiv- 

ities obtained for 'pure' MgO agree well with the present data.

6.3.2. Barium, calcium and cadmium

The investigation of barium diffusion in MgO reported here

appears to be the only work done with this tracer. Figure 5.9

includes some of the data published by Harding [1967a] and it is now

apparent that this represented region IV diffusion. The arguments

presented for a structured Arrhenius plot can again be applied here,
24- 24-although the data is more scattered than for Ni and Mg , because of

the difficulties caused by the extremely low solubility of the tracer.

The 'knee' temperature between regions I and II is in approximate
2+ 24-agreement with the values found in the Ni and Mg experiments.

The calcium and cadmium [Harding and Bhalla, 1971] diffusion

studies are both apparently in the intrinsic region, but it is

interesting to note that although the activation energies are in agree-
24-ment within error limits, the pre-exponential factor for Ca is con-

24-siderably lower than that for Cd . This will be mentioned again later,
24-Two other studies of Ca diffusion have been made by Wuensch 

and Vasilos [1968] and Rungis and Mortlock [1966]. The temperature 

range covered by Wuensch and Vasilos was 800-1850 °C and the data are 

described by

D = 8.9 X 10“4 exp[-2.76 eV/kT] cm2 s“1 (6.7)
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However , t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  i n  t h e s e  r e s u l t s ,  p a r t i c u l a r l y  

below 1300 °C.

Rung is  and M o r t l o c k  [1966]  u sed  an a u t o r a d i o g r a p h i c  method t o  

m ea su re  Ca-45 d i f f u s i o n  i n  MgO and o b t a i n e d  d i f f u s i o n  c o e f f i c i e n t s  

g i v e n  by

D = (^2.95 *  2 ‘ ^  X 10" 5 e x p [ - ( 2 . 1 3  ± 0 . 1 )  eV/kT] cm2 s " 1 . ( 6 . 8 )

Above 1300 °C, t h e s e  d a t a  do n o t  d i f f e r  g r e a t l y  f rom t h o s e  o f  Wuensch 

and V a s i l o s ,  bu t  a t  lower  t e m p e r a t u r e s ,  d i f f u s i o n  c o e f f i c i e n t s  a r e  as  

much as  a d ecade  h i g h e r .  The d i f f e r e n c e  be tw een  t h e  two s e t s  o f  

r e s u l t s  c o u ld  be e x p l a i n e d  by d i f f e r i n g  d e g r e e s  o f  c r y s t a l  l a t t i c e  

damage, s i n c e  t h i s  would be l e s s  i m p o r t a n t  a t  h i g h e r  t e m p e r a t u r e s .  I n  

t h i s  r e g a r d ,  i t  i s  w o r t h  n o t i n g  t h a t  t h e  c y l i n d r i c a l  s am ples  used  by 

Rungis  and M o r t l o c k  had been  c o r e - d r i l l e d  from a l a r g e r  p i e c e  o f  MgO. 

N e i t h e r  o f  t h e  a c t i v a t i o n  e n e r g i e s  i s  v e r y  c l o s e  t o  t h a t  p r e d i c t e d  f o r  

e x t r i n s i c  d i f f u s i o n  ( r e g i o n  I I )  f rom t h e  h i g h  t e m p e r a t u r e  r e s u l t s  

o b t a i n e d  i n  t h i s  s t u d y  ( 1 . 3  eV).

6 . 3 . 3 .  B e r y l l i u m

The d a t a  f o r  b e r y l l i u m  d i f f u s i o n  d i f f e r  f rom t h e  r e s u l t s  f o r

t h e  o t h e r  t r a c e r s  s t u d i e d  i n  t h a t  a s i n g l e  A r r h e n i u s  e q u a t i o n  a d e q u a t e l y

d e s c r i b e s  t h e  d i f f u s i o n  c o e f f i c i e n t s  ( e q u a t i o n  ( 5 . 1 9 ) ) .  I n  a d d i t i o n ,

t h e r e  i s  v e r y  much l e s s  s c a t t e r  i n  t h e  d a t a  p o i n t s ,  t h e  s o l u b i l i t y  i s

2+v e r y  much g r e a t e r  f o r  Be t h a n  f o r  t h e  o t h e r  t r a c e r s ,  and d i f f u s i v -  

i t i e s  a r e  v e r y  much h i g h e r  t h a n  even t h o s e  f o r  s e l f - d i f f u s i o n .  The 

p o i n t s  a t  636 °C show v e r y  l i t t l e  enhancement  ove r  t h e  v a l u e  p r e d i c t e d  

by e q u a t i o n  ( 5 . 1 9 ) .  A l l  t h e s e  f a c t o r s  a r e  c o n s i s t e n t  w i t h  t h e  s u g g e s ­

t i o n  t h a t  b e r y l l i u m  d i f f u s e s  i n t e r s t i t i a l l y . U n f o r t u n a t e l y ,  an i s o t o p e  

e f f e c t  e x p e r i m e n t  f a i l e d  b e c a u s e  o f  t h e  low s p e c i f i c  a c t i v i t y  o f  t h e
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available Be-10 tracer. Further experiments to check this proposal 

using alternative methods would be of interest.

The activation energy above 1900 °C appears to increase by a 

few tenths of an eV as the coefficients measured for the other tracers
O I _ g — i

approach those obtained for Be in magnitude (~ 10 cm s ), and at 

the highest temperatures, it may well be that a vacancy mechanism 

becomes energetically more favourable.

6.3.4. Other divalent ions

The diffusion of strontium in MgO has been investigated using 

Sr-85 in the temperature range 1000-1630 °C by Mortlock and Price 

[1972] and the activation energy obtained was 2.91 eV. As with barium, 

difficulties were encountered because of low solubility and low dif­

fusion coefficients. Most profiles showed the existence of short- 

circuit diffusion and were similar to those shown in figure 5.10 for 

barium. It is suggested that these results relate mainly to region IV

diffusion - in fact, the activation energy below 1400 °C is 3.2 eV, in
2~h 2+ 2+excellent agreement with the values for Mg , Ni and Ba . On this

29-basis, the activation energies for Sr diffusion in regions I and II 

would be 3.5 eV and 1.6 eV respectively.

A summary is given in table 6.2 of a large number of dif­

fusion studies in MgO. Low temperature data could be subject to dis­

location influences (see section 6.6). Many of the investigations were 

in the field of chemical diffusion and for this reason, pre-exponential 

factors have been omitted as they usually vary with concentration. On 

the other hand, activation energies were often found to be concentration 

independent. The majority of ions listed are divalent, but the results 

for several aliovalent ions are included and these will be discussed in

section 6.5.
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T a b l e  6 . 2 . Summary o f d i f f u s i o n i n  MgO s i n g l e  c r y s t a l s

I o n S  (eV) T range (°C) R e f e r e n c e

Mg2+ 3 .4 6 1900 - 2340 H a rd in g  and P r i c e  [1972]

1 .56 1540 - 1800 ii ii

3 . 2 1130 - 1540 it ii

2 .7 6 1450 - 2400 Wuensch e t  a l .  [1972]

3 . 4 1400' - 1600 L i n d n e r  and P a r f i t t  [1957]

o 2 ” 2.71 1300 - 1750 O i s h i  and K in g e ry  [1960]

3 .6 3 1 580 - 1750 ii it

3 .57 1000 - 1150 Rovner  [1966]

1 .39 750 - 1 000 If

1 .8 5 750 - 1150 ft

Ni2+ 3 .3 3 1900 - 2500 H a rd in g  [1972]

1 .64 1 500 - 1800 II

~ 3 .2 1100 - 1500 It

2 .1 0 1000 - 2400 Wuensch and V a s i l o s  [1971]

+ 3 .2 6 1900 - 2400 II It

1 .87 1200 - 1400 Blank and Pask  [1969]

Ba2+ 3 .4 6 1900 - 2445 H a rd in g  [1972]

1 .56 1500 - 1800 II

3.31 1000 - 1500 ii

r e - c a l c u l a t e d .

( c o n t i n u e d  o v e r )
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T a b l e  6 .2  ( c o n t i n u e d )

I o n 5 (eV) T r a n g e  (°C) R e f e r e n c e

Ca2+ 3 . 2 1850 - 2380 H a rd in g  [ u n p u b l i s h e d ]

2 .13 900 - 1700 Rungis  and M o r t l o c k  [1966]

2 .7 6 790 - 1850 Wuensch and V a s i l o s  [1968]

Cd2+ 3 . 4 1850 - 2270 H a rd ing  and B h a l l a  [1971]

Be2+ 1 .68 1000 - 2400 H a r d in g  [ u n p u b l i s h e d ]

S r 2+ 2.91 1000 - 1630 M o r t l o c k  and P r i c e  [1972]

Fe2+ 1 .98 1300 - 1700 T a g a i  e t  a l .  [1 965]

1.81 1000 - 1800 Wuensch and V a s i l o s  [1962]

1 .29 1150 - 1350 Blank and Pask [1969]

Co2+ 2 .0 6 1000 - 1800 Wuensch and V a s i l o s  [1962]

M 2+ Mn 1 .22 1300 - 1700 T a g a i  e t  a l .  [1965]

1 .7 8 1380 - 1570 J o n e s  and C u t l e r  [1971]

Zn2+ 1 .85 1000 - 1650 Wuensch and V a s i l o s  [1965]

Cr3+ 2 .9 6 1300 - 1 700 T a g a i  e t  a l .  [1965]

2.91 1340 - 1550 G r e s k o v ic h  and S t u b i c a n  [1970]

a i 3+ 3 .3 0 1580 - 1860 W hi tney  and S t u b i c a n  [1971]

y3+ 3 . 1 0 1400 - 1760 B e ra rd  [1971]

Fe3+ 3 . 2 4 1000 - 1460 Blank and Pask [1969]

Sc3+ 2 .1 9 1200 - 1765 S o la g a  [1972]

Ge4+ 4 . 0 1860 - 2340 H a r d in g  [ u n p u b l i s h e d ]
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6 . 4 .  F a c t o r s  i n f l u e n c i n g  d i v a l e n t  i o n  d i f f u s i o n  i n  MgO

The t h r e e  f a c t o r s  i n  t h e  e x p r e s s i o n  f o r  t h e  d i f f u s i o n  c o e f ­

f i c i e n t  wh ich  a r e  l i k e l y  t o  depend on t h e  p r o p e r t i e s  o f  t h e  d i f f u s i n g  

i o n  and i t s  h o s t  l a t t i c e  a r e  a c t i v a t i o n  e n t h a l p y ,  a c t i v a t i o n  e n t r o p y  

and t h e  v i b r a t i o n a l  f r e q u e n c y ,  V. The f i r s t  o f  t h e s e  i s  d e t e r m i n e d  

from t h e  s l o p e  o f  t h e  A r r h e n i u s  p l o t ,  w h i l e  t h e  second and t h i r d  oc c u r  

i n  t h e  p r e - e x p o n e n t i a l  f a c t o r .  Two s e t s  o f  d a t a  w i l l  be d i s c u s s e d  i n  

t h i s  s e c t i o n ,  one d e r i v e d  by a ssum ing  t h a t  d i f f u s i o n  i n  MgO can  be 

r e p r e s e n t e d  by n o n - s t r u c t u r e d  A r r h e n i u s  p l o t s  and t h e  o t h e r  d e r i v e d  

from s t r u c t u r e d  A r r h e n i u s  p l o t s .

6 . 4 . 1 .  N o n - s t r u c t u r e d  A r r h e n i u s  p l o t s

T a b l e  6 . 3  l i s t s  t h e  p a r a m e t e r s  o b t a i n e d  f o r  t h e  d i f f u s i o n  o f  

a number o f  i o n s  i n  MgO, t o g e t h e r  w i t h  t h e  r e s p e c t i v e  i o n i c  r a d i i  and 

TKS p o l a r i s a b i l i t i e s . The d a t a  o b t a i n e d  by Wuensch, S t e e l e  and V a s i l o s  

[1972]  f o r  Mg^+ d i f f u s i o n ,  and Wuensch and V a s i l o s  [1971]  f o r  Ni^+

2 +d i f f u s i o n ,  b o th  i n  N o r to n  and S p i c e r  c r y s t a l s ,  a r e  i n c l u d e d .  The Ca 

r e s u l t s  i n c l u d e  t h o s e  m easu red  by Rungi s  and M o r t l o c k  [1966] i n  

M o n o c r y s t a l s  MgO, t h e  same m a t e r i a l  b e i n g  used  a l s o  by P r i c e  and 

M o r t lo c k  [1972] i n  t h e  S r^ + s t u d i e s .

I t  i s  d i f f i c u l t  t o  f i n d  any r e g u l a r  c o r r e l a t i o n  i n  t h e  d a t a  

a s  p r e s e n t e d ,  b u t  t h e r e  i s  a  t r e n d  i n  b o th  a c t i v a t i o n  e n e rg y  and p r e ­

e x p o n e n t i a l  f a c t o r  t o w a rd s  h i g h e r  v a l u e s  w i t h  i n c r e a s i n g  i o n i c  r a d i u s .  

T h i s  a g r e e s  w i t h  t h e  c o r r e l a t i o n  p r o p o se d  by M o r t l o c k  [1968]  between 

a c t i v a t i o n  e n e rg y  f o r  d i f f u s i o n  and t h e  s q u a r e  o f  t h e  i o n i c  r a d i u s ,  r .

M o r t l o c k  [1968] a l s o  s u g g e s t e d  t h a t  log  s h o u ld  i n c r e a s e  l i n e a r l y  

3
w i t h  r  . However , t h e  new d a t a  c o v e r i n g  an e x t e n d e d  t e m p e r a t u r e  r a n g e  

do no t  show t h e s e  r e l a t i o n s  a s  w e l l  a s  d i d  t h e  e a r l i e r  low t e m p e r a t u r e  

p a r a m e t e r s .  A g rap h  o f  l o g  D p l o t t e d  a g a i n s t  i o n i c  r a d i u s ,  g iv en
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Table 6.3. Diffusion of impurities in MgO assuming 
non-structured Arrhenius plots. Ionic radius (r) and 

polarisability (a) are compared with 6 and Dq.

Ion r
o
(A)

a
(£3)

6
(eV)

D
, 2 ° (cm s- b

T range 
(°C)

Ba2+ 1.34 2.5 2.97 2.98 X i < r 3 1000-2500

Be2+ 0.35 (0.008) 1.68 1 .92 X io"5 1000-2500
** Ca2+ 0.99 1.1 2.02 1.21 X io“5 1000-2500

Cd2+ 0.97 1.8 3.44 1 .72 X io"2 1780-2300

MMg 0.66 0.1 2.57 8.59 X i<f4 1200-2500
+ M  2 +Mg 0.66 0.1 2.76 4.19 X 10-4 1100-2400

M. 2+ Ni 0.69 0.25 2.41 1.86 X io-4 1100-2500
t Ni2+ 0.69 0.25 2.10 1.80 X io"5 1000-2500
* Sr2+ 1.12 1.6 2.91 6.07 X io-4 1000-1630

+ Wuensch, Steele and Vasilos [1972]

Wuensch and Vasilos [1971]

* Mortlock and Price [1972]

** Includes data by Rungis and Mortlock [1966].

previously by Mortlock [1970], is reproduced in figure 6.3 for data

obtained at 1000 °C, 1500 °C and 2000 °C. The solid curves are based
2 - 3on the linear relations, between S and r , and log and r , mentioned 

above. The experimental points fit these curves quite well at 1000 °C 

and 1500 °C, but at 2000 °C they deviate increasingly from the 

predicted values. On this basis, it could conceivably be argued that 

the original assumption of a single line Arrhenius plot is incorrect.

Mortlock [1968, 1970] argues that the shape of the curves in 

figure 6.3 arises from the elastic-strain energy necessary to overcome
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F i g u r e  6 . 3 .  V a r i a t i o n  o f  lo g  D w i t h  i o n i c  r a d i u s  o f  t h e  d i f f u s i n g  

d i v a l e n t  i o n  i n  MgO [ a f t e r  M o r t l o c k ,  1970] .
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the potential barrier opposing a diffusion jump, coupled with an 

entropy contribution. This entropy contribution derives from the dis­

order introduced into the lattice during a jump and depends on the size 

of the impurity ion. It is this factor which produces the up-swing in 

the curves as r increases, overcoming the decreased probability for 

jumping produced by the increasing height of the enthalpy barrier 

opposing diffusion. However, this last effect is yet to be confirmed 

by experiment.

6.4.2. Structured Arrhenius plots

oTaking firstly the activation energies measured above 1900 C
2+(i.e. in region I) for all ions except Be and plotting them against

ionic radius (figure 6.4), it can be seen that within the limits of the

least squares standard errors, £ is independent of the radius of the
2+diffusing impurity. The value for Sr is based on the region IV

activation energy. If h^/2 is added to the activation energies

obtained in other studies of Fe^+, Co^+, Mn^+, Zn^+ and Ni^+ diffusion

in MgO (see table 6.2), these also fit this conclusion reasonably well,

although some scatter is introduced because the measured values of <S

are probably not equal to Ah alone. This absence of any detectablem
effect of ionic radius on intrinsic activation energy is similar to the

result found for various monovalent impurities in NaCl [Chemla, 1954;

Beniere, Beniere and Chemla, 1969] and KC1 [Arnikar and Chemla, 1956].
2+The fact that Be shows an activation energy much smaller than the

other divalent ions may indicate a different mechanism of diffusion.

Since the values for (Ah + h /2) are equal within presentm s
experimental error, it follows that Ah^ must also be independent of r

2+and an average value for the divalent ions studied here (including Sr )

is found to be 1.5 eV.
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i on i c  r a d i u s

Figure 6.4. Activation energy for intrinsic diffusion of divalent 
cations in single crystal MgO as a function of ionic radius.
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A g r a p h  o f  t h e  i n t r i n s i c  p r e - e x p o n e n t i a l  f a c t o r  a g a i n s t  i o n i c

24-r a d i u s  ( f i g u r e  6 . 5 )  i s  more d i f f i c u l t  t o  a s s e s s .  The p o i n t  f o r  Ca

c o u l d  be to o  low b e c a u s e  t h e  a c t i v a t i o n  e n e rg y  m easured  was below

a v e r a g e .  The m easured  D ' s ,  i n  f a c t ,  were  o n l y  40$ lower t h a n  t h o s e  f o r  

24-Cd . I f  t h i s  i s  so ,  i t  would a p p e a r  t h a t  D f o r  d i v a l e n t  i o n  d i f -
o

f u s i o n  i n  MgO i s  a l s o  l i t t l e  a f f e c t e d  by r .

A more i n t e r e s t i n g  p i c t u r e  emerges i f  i s  p l o t t e d  a g a i n s t

t h e  TKS p o l a r i s a b i l i t y  o f  t h e  d i f f u s i n g  i m p u r i t y .  I n  f i g u r e  6 . 6 ,  a

l o g a r i t h m i c  s c a l e  i s  u sed  and a  smooth c u r v e  i s  drawn t h r o u g h  t h e  d a t a

p o i n t s .  However,  t h e  u s e  o f  a  l i n e a r  s c a l e  shows t h a t  f o r  t h e  l a r g e r

i o n s ,  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p o l a r i s a b i l i t y . The i m p o r t a n c e

o f  p o l a r i s a b i l i t y  was s u g g e s t e d  i n  an e a r l y  s t u d y  by Wuensch and V a s i l o s

[ 1 9 6 2 ] ,  and L a u r e n t  and Benard [1958]  found t h a t  p o l a r i s a b i l i t y  d i r e c t l y

i n f l u e n c e d  d i s l o c a t i o n  enhanced  d i f f u s i o n  i n  t h e  a l k a l i  h a l i d e s .  T h i s

24- 24-r e s u l t  does  n o t  e x t e n d  t o  Ni and Mg which  have  v e r y  s m a l l  p o l a r i s -  

a b i l i t i e s ,  and i n  t h e s e  c a s e s  t h e  c o m pe t ing  e f f e c t  o f  mass a p p e a r s  t o  

be  dom ina n t .  A l th o u g h  t h e  r a t i o  o f  t h e  r e s p e c t i v e  p r e - e x p o n e n t i a l  f a c ­

t o r s  i s  l a r g e r  t h a n  would be e x p e c t e d ,  t h i s  c o u ld  be a c c o u n t e d  f o r  by 

t h e  s t a n d a r d  e r r o r s  w h ic h ,  as  i s  u s u a l ,  a r e  r a t h e r  l a r g e .  I f  t h e  c o r ­

r e s p o n d i n g  e x t r i n s i c  ( r e g i o n  I I )  p a r a m e t e r s  a r e  compared ,  a s sum ing  a

o 24-common ' k n e e '  t e m p e r a t u r e  o f  1800 C, t h e  r a t i o  o f  t h e  D ^ ' s  f o r  Mg

24-and Ni i s  much c l o s e r  t o  t h e  e x p e c t e d  v a l u e ,  w h i l e  t h e  l i n e a r  

r e l a t i o n  be tw een  a  and Dq f o r  t h e  l a r g e r  i o n s  i s  even more p ro n o u n ce d .  

A p a r t  f rom t h i s ,  t h e  a p p e a r a n c e  o f  t h e  g r a p h  i s  v e r y  s i m i l a r  t o  

f i g u r e  6 . 6 .

Summar is ing ,  i t  can  be s a i d  t h a t  t h e  ' h a r d  s p h e r e '  i o n i c  

r a d i u s  has  l i t t l e  o r  no d e t e c t a b l e  e f f e c t  on t h e  a c t i v a t i o n  e n e r g y  f o r  

d i f f u s i o n .  I n s o f a r  a s  i t  i s  c l o s e l y  r e l a t e d  t o  p o l a r i s a b i l i t y ,  ' s i z e '

do e s  a f f e c t  D and he nc e  t h e  measured  v a l u e  o f  D. For  i o n s  o f  s m a l l  o
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Figure 6.5. Pre-exponential factor for intrinsic diffusion of divalent 
cations in single crystal MgO as a function of ionic radius.



132

10 20 30
°  3ionic polarisabiiity (A )

Figure 6.6. Pre-exponential factor for intrinsic diffusion of divalent 
cations in single crystal MgO as a function of ionic polarisabiiity.
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p o l a r i s a b i l i t y  i t  i s  s u g g e s t e d  t h a t  i n c r e a s i n g  mass l e a d s  t o  a  d e c r e a s e  

i n  Dq t h r o u g h  t h e  v i b r a t i o n a l  f r e q u e n c y  t e rm .  For  l a r g e r  i o n s ,  

i n c r e a s i n g  p o l a r i s a b i l i t y  l e a d s  t o  an i n c r e a s e  i n  Dq and t h i s  co u ld  

o c c u r  e i t h e r  t h r o u g h  V, o r  t h e  e n t r o p y  f a c t o r .

6 . 4 . 3 .  A summary

Both o f  t h e  i n t e r p r e t a t i o n s  g i v e n  above  show t h a t  m easured

v a l u e s  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  depend on i o n i c  ' s i z e ' .  However,

s e c t i o n  6 .4 .1  s u g g e s t s  t h a t  t h i s  e f f e c t  o p e r a t e s  t h r o u g h  6 a s  w e l l  as

D , w h e re as  t h e  d i s c u s s i o n  i n  s e c t i o n  6 . 4 . 2  l e a d s  t o  a  s i z e - i n d e p e n d e n t  
o

e n t h a l p y  o f  m o t io n ,  w i t h  t h e  s i z e  e f f e c t  o p e r a t i n g  t h r o u g h  v i a  

p o l a r i s a b i l i t y .  I n  view o f  t h e  s c a t t e r e d  n a t u r e  o f  t h e  d a t a  i n  t a b l e

6 . 3 ,  t h e  a p p a r e n t  breakdown o f  t h e  c o r r e l a t i o n  p r o p o s e d  by M o r t l o c k  a t  

h i g h  t e m p e r a t u r e s  and t h e  a rgum e n ts  pu t  fo rw ard  i n  s e c t i o n  6 . 2 ,  t h e  

s econd  i n t e r p r e t a t i o n  b a s ed  on s t r u c t u r e d  A r r h e n i u s  p l o t s  seems 

p r e f e r a b l e .

6 . 5 .  The d i f f u s i o n  o f  a l i o v a l e n t  c a t i o n s  i n  MgO

The t h e o r y  o f  d i f f u s i o n  o f  a l i o v a l e n t  i o n s  i n  t h e  a l k a l i  

h a l i d e s  has  been  t r e a t e d  by F r i a u f  [1969]  and L i d i a r d  [1955a,  1955b, 

1 9 5 7 ] .  For t h e  f i r s t  a s s o c i a t i o n  o f  t r i v a l e n t  i o n s  w i t h  v a c a n c i e s  i n  

MgO, and f o r  t h e  a s s o c i a t i o n  o f  f o u r - v a l e n t  i o n s  and v a c a n c i e s  we can  

w r i t e ,  f rom t h e  law o f  mass a c t i o n

nk [nc ( c “ nk >] 1 = K(T) ( 6 . 9 )

where  t h e  n o t a t i o n  i s  s i m i l a r  t o  t h a t  u sed  i n  s e c t i o n  3 . 2 .  I n  t e rm s  o f  

t h e  d e g r e e  o f  a s s o c i a t i o n ,  ß, e q u a t i o n  ( 6 . 9 )  becomes

-1
ß O  - ß) n K c

( 6 . 10 )
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w i t h  ß = n ^ / c .  S o l v in g  f o r  ß we have

n K( 1 + n K) c c
-1 ( 6 . 11 )

I t  can  be shown t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  i n t r o d u c e d  

a l i o v a l e n t  i o n  i s  a f u n c t i o n  o f  c o n c e n t r a t i o n  and i s  g i v e n  by

D(c) D [ d ( ß c ] / d c ] ( 6 . 12 )

where  D i s  g i v e n  by e q u a t i o n  ( 2 . 2 2 ) .

2+The coulomb b i n d i n g  e n e rg y  o f  a t r i v a l e n t  i o n  t o  an  Mg

3+va c anc y  i n  MgO i s  1 . 0  eV, w h i l e  t h e  m easu red  v a l u e  f o r  Cr - v a c a n c y  

a s s o c i a t i o n  i s  a p p r o x i m a t e l y  0 . 8  eV [ G l a s s ,  1967] .  These  e n e r g i e s  com­

p a r e  f a v o u r a b l y  w i t h  t h e  0 . 5  eV b i n d i n g  e n e rg y  f o r  d i v a l e n t  i o n - v a c a n c y  

a s s o c i a t e s  i n  NaCl [Barr  and L i d i a r d ,  1970]  r e f l e c t i n g  t h e  f a c t  t h a t  

a l t h o u g h  t h e  d i e l e c t r i c  c o n s t a n t  i s  l a r g e r  f o r  MgO, t h e  n e a r e s t  n e i g h ­

bour  d i s t a n c e  i s  s m a l l e r .  T a k in g  a v a l u e  o f  0 . 9  eV and a s su m in g  p u r e l y  

cou lom bic  f o r c e s ,  t h e  b i n d i n g  e n e rg y  f o r  a f o u r - v a l e n t  i o n  and a  

va c an c y  i s  e s t i m a t e d  t o  be 1 .8  eV. The e n t r o p y  o f  a s s o c i a t i o n  h a s  been  

found by Crawford  [1970] t o  be f a i r l y  h i g h  and an  a v e r a g e  o f  h i s  v a l u e s  

i s  5 . 4  k ( i n c l u d i n g  t h e  o r i e n t a t i o n a l  d e g e n e r a c y  f a c t o r ,  - I n  1 2 ) .

The a c t i v a t i o n  e n e rg y  f o r  germanium d i f f u s i o n  i n  MgO o v e r  t h e  

t e m p e r a t u r e  r a n g e  1850-2350  °C was ( 4 . 0  ± 0 . 2 )  eV, t h a t  i s ,  s i g n i f i c a n t l y

g r e a t e r  t h a n  t h e  v a l u e s  f o r  d i v a l e n t  i o n s  i n  t h e  same t e m p e r a t u r e  r a n g e .

4+T h e r e f o r e ,  i t  i s  c o n c lu d e d  t h a t  germanium d i f f u s e s  as  Ge r a t h e r  t h a n

2+Ge . Because  t h e  t r a c e r  u s e d  was c a r r i e r  f r e e  and t h e  c o u n t  r a t e s

v e r y  low, i t  i s  v a l i d  t o  assume t h a t  t h e  v a c an c y  c o n c e n t r a t i o n  n^ i n

( 6 . 1 1 )  i s  dom ina ted  by t h e  S c h o t t k y  d e f e c t  c o n c e n t r a t i o n ,  n^ .  U s ing

t h e  f o r m a t i o n  e n t h a l p y  and  e n t r o p y  deduced  i n  s e c t i o n  6 . 2 . 3  t o  c a l c u l a t e

n and t h e  above  v a l u e s  f o r  h, and s, we f i n d  t h a t  n K «  1 . T h e r e f o r e ,  o k k o

i n  t h e  i n t r i n s i c  r e g i o n  ß ~  n^K. T h i s  a g r e e s  w i t h  L i d i a r d ' s  c o n c l u s i o n
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for the alkali halides and the activation energy for diffusion rep­

resents (Ah + h /2 - h. ) [Barr and Lidiard, 1 970]. With h, ~ 1.8 eV, m s k k
we find that the vacancy-impurity exchange enthalpy, Ah , is 3.9 eV.m

For a trivalent ion at high concentrations (c »  n oro
c »  n^) it can be shown that both ß and d(ßc)/dc approach unity and

D(c - co) = D° . (6.13)

Hence the measured activation energy for diffusion gives Ah . Thism
3-f 3_|_ 3+ 3-p

seems to be the case for the Cr , Al , Y and Fe data listed in

table 6.2. Again, there appears to be little variation of 6 with ionic

radius and an average value of Ah is 3.1 eV.m
It is apparent from these results that Ah^ is strongly 

influenced by the charge on the diffusing ion. This is to be expected, 

since the ion has to pass through a ring of negatively charged oxygen 

ions to complete a jump. An empirical correlation between the elec­

tronic charge and Ah^ is shown in figure 6.7. A straight line, within 

error limits, is obtained when charge is plotted on a logarithmic scale 

against Ah^ and this relationship is approximately given by

A exp(Ah /4) m (6.14)

where A is a constant.

Under conditions where a diffusing aliovalent species is 

present in very small concentrations (c «  c^) equation (6.11) reduces

|c.Kl n.Kl (6.15)

The activation energy for extrinsic diffusion is then given by

(Ah - h. ). The result obtained by Solaga [1 972] is in agreement with m k
the expected value (namely 3.1-0.9 =2.2 eV). However, no significant
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ent ha l py  of mot i on (ev)

Figure 6.7. An empirical relation between the enthalpy of motion in
MgO of a diffusion impurity cation and its actual electronic charge.
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c h a n g e  i n  <S was d e t e c t e d  ove r  t h e  t e m p e r a t u r e  r a n g e  1200-21 00 °C, and 

l i k e  t h e  s e l f - d i f f u s i o n  d a t a  o f  Wuensch e t  a l .  [1972] ,  t h i s  work 

a p p e a r s  t o  s u p p o r t  t h e  c a s e  f o r  n o n - s t r u c t u r e d  A r r h e n i u s  p l o t s .  (At 

h i g h  c o n c e n t r a t i o n s  o f  a l i o v a l e n t  d i f f u s a n t ,  one would n o t  e x p e c t  t o  

s e e  any s t r u c t u r e  b e c a u s e  D i s  i n d e p e n d e n t  o f  t h e  g r o w n - in  va c anc y  c o n ­

c e n t r a t i o n  w i t h  ß — 1 . )  I t  i s  e v i d e n t  t h a t  f u r t h e r  i n v e s t i g a t i o n s  

would  be u s e f u l  t o  u n r a v e l  t h e  s e v e r a l  i n t e r a c t i n g  f a c t o r s  i n f l u e n c i n g  

t h e  d i f f u s i o n  c o e f f i c i e n t  unde r  t h e s e  c o n d i t i o n s .

6 . 6 .  H i g h - d i f f u s i v i t y  p a t h s  i n  MgO

T h e r e  a r e  a p p a r e n t l y  two mechanisms o f  s h o r t - c i r c u i t  d i f ­

f u s i o n  i n  s i n g l e  c r y s t a l  magnesium o x i d e  [H ard ing ,  1971 ] .  Both 

s t r o n t i u m  [M or t loc k  and P r i c e ,  1972]  and ba r ium  [ H a rd ing ,  1967a] show 

enhanced  d i f f u s i o n  o v e r  a w ide  t e m p e r a t u r e  r a n g e  which i s  i n d e p e n d e n t  

o f  i m p u r i t y  p r e c i p i t a t i o n .  On t h e  o t h e r  hand ,  i t  h a s  been  found t h a t  

Ni^+ d i f f u s i o n  i s  enhanced  o n l y  below 1300 °C when i m p u r i t y  a g g r e g a t e s  

a r e  known t o  be p r e s e n t  a t  d i s l o c a t i o n s  and g r a i n  b o u n d a r i e s  [Wuensch

and V a s i l o s ,  1966; Mimkes and W u t t i g ,  1971] .  T h i s  i s  s u p p o r t e d  by

2+t h e  s m a l l  d i f f u s i o n  enhancem en ts  o b s e r v e d  i n  t h i s  work f o r  Mg and 

24-
Ni a t  low t e m p e r a t u r e s .  Oxygen g r a i n  boundary  d i f f u s i o n  i s  a l s o

i n c r e a s e d  i n  t h e  p r e s e n c e  o f  i r o n  [McKenzie e t  a l . ,  1971 ] .

From t h e  d i f f u s i o n  s t a n d p o i n t ,  i t  a p p e a r s  p o s s i b l e  t o  d i v i d e

s t r u c t u r a l  damage i n  MgO i n t o  t h r e e  c a t e g o r i e s .  The s m a l l  d e g r e e  o f

24-enhancement  found f o r  Ni d i f f u s i o n  i n  MgO, f o r  example,  and t h e  

a b s e n c e  o f  any long  t a i l  i n  t h e  c o n c e n t r a t i o n  p r o f i l e s ,  s u g g e s t s  t h a t  

t h e  mechanism r e s p o n s i b l e  i s  p r o b a b l y  n o t  what  i s  u s u a l l y  d e s c r i b e d  as 

' p i p e '  d i f f u s i o n .  S i n c e  t h e  p r e s e n c e  o f  i m p u r i t y  a g g r e g a t e s  a p p e a r s  

n e c e s s a r y  f o r  t h i s  t y p e  o f  d i f f u s i o n  t o  o c c u r ,  t h e r e  may e x i s t  a 

c h a r g e  c o m p e n s a t i o n  e f f e c t  t h a t  r e s u l t s  i n  a ' h a l o '  o f  v a c a n c i e s  a round
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the dislocation. This extra vacancy concentration over the equilibrium

concentration for the lattice away from the dislocation could account

for the larger diffusion coefficient seen in this region. Because of
2+its extremely low solubility and large size, Ba itself may well form

immobile aggregates at these dislocations and hence show no observable

diffusion enhancement by this mechanism.

For barium, diffusion enhancement appears to be caused by two

types of defect, one giving rise to part B of the concentration profile

which can be annealed out, the other more permanent and resulting in

the long tails (part C) of the profiles. It is suggested that both
2+these defects must be loose enough to enable the large Ba ion to dif­

fuse along them. Because of its high solubility and its size (close to 
2+ 2+Mg ) Ni has no tendency to precipitate and diffusion enhancement 

along these defects does not occur in this case, except insofar as they 

would contribute to the 'halo' mechanism below, say, 1300 °C.

It is possible that the defects responsible for part B of the 

profiles are 'Stroh1 cracks [Stokes, Johnston and Li, 1958, 1959] 

formed by the coalescence of edge dislocations. Lying in the (110) 

planes, they would provide a path component in the diffusion direction 

[100]. The long tails (part C) could arise from slits or microcracks 

in the [100] directions formed by the spreading of Stroh cracks along 

the length of edge dislocations. It would be interesting to perform 

further experiments to measure the degree of enhancement in different 

crystal directions in order to test these suggestions.

It is evident then, as concluded in section 5.3, that to 

obtain meaningful quantitative data for short-circuit diffusion in MgO, 

experiments must be done under carefully controlled conditions.
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7.  C o n c l u s io n

The d i f f u s i o n  i n  MgO s i n g l e  c r y s t a l s  o f  v a r i o u s  c a t i o n s ,

2+i n c l u d i n g  Mg , has  been  s t u d i e d  o v e r  a w ide  t e m p e r a t u r e  r a n g e  (up t o  

2500 °C) u s i n g  r a d i o a c t i v e  t r a c e r s  and a r e f i n e d  s e c t i o n i n g  t e c h n i q u e .  

The n a t u r e  o f  h i g h - d i f f u s i v i t y  p a t h s  i n  MgO has  a l s o  been  d i s c u s s e d .

The f o l l o w i n g  c o n c l u s i o n s  can  be drawn from t h e  d a t a  o b t a i n e d

( a )  The dom inan t  i n t r i n s i c  d e f e c t s  i n  s i n g l e  c r y s t a l  MgO a r e  

S c h o t t k y  v a c a n c i e s ,  t h e  e n t h a l p y  and e n t r o p y  o f  f o r m a t i o n  b e i n g  

( 3 . 8  ± 0 . 3 )  eV and 1 .8  k r e s p e c t i v e l y .

(b )  The e n t h a l p y  and e n t r o p y  o f  m o t io n  o f  a c a t i o n  v a c a n c y  a r e  

( 1 . 5 6  ± 0 .0 8 )  eV and 1 .2  k r e s p e c t i v e l y .

( c )  T h e re  i s  no d e t e c t a b l e  d e pe ndenc e  o f  t h e  i n t r i n s i c  a c t i v a t i o n  

e n e r g i e s  f o r  t h e  d i f f u s i o n  o f  i m p u r i t y  i o n s  i n  MgO (and  h e n c e  o f  t h e i r  

e n t h a l p i e s  o f  m o t io n )  on i o n i c  r a d i u s .  MgO i s ,  p e r h a p s ,  s i m i l a r  t o  t h e  

a l k a l i  h a l i d e s  i n  t h i s  r e s p e c t .

(d )  P r e - e x p o n e n t i a l  f a c t o r s  (D^) f o r  b o th  i n t r i n s i c  and e x t r i n s i c  

d i f f u s i o n  a p p e a r  t o  depend m a i n ly  on mass f o r  s m a l l  i o n s ,  b u t  i n c r e a s e  

l i n e a r l y  w i t h  p o l a r i s a b i l i t y  f o r  l a r g e r  i o n s .  I t  i s  t h i s  f a c t o r  which  

g i v e s  r i s e  t o  t h e  o b s e r v e d  ' s i z e  e f f e c t '  on m easu red  d i f f u s i o n  

c o e f f i c i e n t s .

( e )  B e r y l l i u m  i s  l i k e l y  t o  d i f f u s e  as  an i n t e r s t i t i a l  i o n ,  b u t  a 

s m a l l  v a r i a t i o n  i n  a c t i v a t i o n  e n e rg y  f o r  t e m p e r a t u r e s  o v e r  1900 °C 

s u g g e s t s  an i n c r e a s i n g  c o n t r i b u t i o n  from a v a c a n c y  mechanism.

( f )  I m p u r i t y  p r e c i p i t a t i o n  may w e l l  p l a y  an i m p o r t a n t  p a r t  i n  

c o n t r o l l i n g  d i f f u s i o n  below 1500 °C, t h e  p r i n c i p a l  e l e m e n t  c o n c e r n e d  

b e i n g  i r o n .

(g )  From t h e  r e s u l t s  f o r  germanium i o n  d i f f u s i o n  i n  MgO and a 

c o n s i d e r a t i o n  o f  o t h e r  p u b l i s h e d  d a t a ,  t h e  e n t h a l p y  o f  m o t io n  o f  a
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diffusing ion has been shown to be strongly dependent on its electronic 

charge.
(h) Short-circuit enhancement of diffusion in MgO occurs by two

or more mechanisms, one involving the presence of impurity precipitates

at dislocations. Such enhancement can therefore mask the presence of

impurity-precipitation-controlled lattice diffusion. Large enhancements
2+  24-are found only for large ions (Sr and Ba ), a result similar to that

found in the alkali halides.



141

R e f e r e n c e s

ADDA, Y. and PHILIBERT, J .  [1966] ,  'La  D i f f u s i o n  dans  l e s  S o l i d e s ' ,  
P a r i s ,  P r e s s e s  Univ.  de F r a n c e .

ALCOCK, C.B. and STAVROPOULOS, G.P. [1971 ] ,  J .  Amer. Ceram. Soc. 54,
436.

ALLNATT, A.R. [1967 ] ,  Advan. Chem. Phys.  1J_, 1.

ARNIKAR, H .J .  and CHEMLA, M. [1956 ] ,  Acad.  S e i .  ( P a r i s )  C.R. 242 ,  2132.

BARR, L.W. and LIDIARD, A.B. [1970] ,  ' P h y s i c a l  C h e m is t ry  - An Advanced 
T r e a t i s e ' ,  Vol .  X, 151,  Academic P r e s s ,  New York.

BENlkRE, F . ,  BENlfcRE, M., and CHEMLA, M. [1969] ,  J .  Chim. Phys.  66,  898.

BERARD, M.F. [1971 ] ,  J .  Amer. Ceram. Soc. 54,  58.

BLANK, S.L .  and PASK, J .A .  [1969 ] ,  J .  Amer. Ceram. Soc. J52, 669.

BOSWARVA, I .M. [1972 ] ,  J .  Phys.  C 5,  L5.

BOSWARVA, I .M. and FRANKLIN, A.D. [1968 ] ,  P r o c .  o f  Symposium on Mass 
T r a n s p o r t  i n  O x id e s ,  G a i t h e r s b u r g ,  M ary land ,  1967.  Ed. J . B .  
Wachtman and A.D. F r a n k l i n ,  NBS p u b l i c a t i o n  296.

BREWER, L. and ROSENBLATT, G.M .. [ 1 9 6 9 ] ,  Adv. High Temp. Chem. 2, 1.

CHEMLA, M. [1954] ,  Acad. S e i .  ( P a r i s )  C.R. 238., 82.

CLARKE, F .P .  [1957] ,  P h i l .  Mag. 2,  607.

COOK, J . S .  and DRYDEN, J . S .  [1962] , P roc . P h y s . Soc. (London)  80,  479

CRAMER, K.R. and CROW, W.B. [1970] , P h y s . S t a t . S o l . ( a )  1 ,  81.

CRAWFORD, J .H .  [1970] , C r y s t .  L a t t i c e  D e f e c t s  1_, 357.

DARKEN, L .S .  [1948] ,  T r a n s .  A . I .M .E .  1 7 5 , 184.

DAVIDGE, R.W. [1967 ] ,  J .  M a te r .  S e i .  2,  339.

DAVIES, M.O. [1963 ] ,  J .  Chem. Phys .  38,  2047.

De BRUIN, H . J .  and WATSON, G.M. [1964] ,  J .  Nucl .  M a te r .  U ,  239.

DUVIGNEAUD, P . -H .  and WOLLAST, R. [ 1 970 ] ,  Rev. I n t .  H a u te s  Temper,  e t  
R e f r a c t . 7_, 61 .

FRIAUF, R . J . [1969 ] ,  J .  Phys. , Chem. S o l i d s  30, 429.

GLASS, A.M. [1967] ,  J .  Chem. Phys.  46,  2080.

GLASS, A.M.
•  7 and SEARLE, T.M. [1967] ,  J .  Chem. Phys.  46,  2092



142

GLASSTONE, S . , LAIDLER, K . J .  and EYRING, H. [1948] ,  'The  Theory  o f  R a te  
P r o c e s s e s ' ,  2nd e d . , McGraw H i l l ,  New York.

GRESKOVICH, C. and STUBICAN, V.S. [1970 ] ,  J .  Amer. Ceram. Soc. 53,  251

GRUZIN, P.L.  [1952] ,  Dokl .  Akad. Nauk. SSSR 86, 289.

HARDING, B.C. [1 9 6 7 a ] ,  P h i l .  Mag. 1_6, 1039.

HARDING, B.C. [1967b] ,  M .S c . ,  A u s t r a l i a n  N a t i o n a l  U n i v e r s i t y .

HARDING, B.C. [1971] ,  Phys.  S t a t .  S o l .  (b )  48,  K35.

HARDING, B.C. [1972] ,  Phys.  S t a t .  S o l .  50,  135.

HARDING, B.C. and BHALLA, V.K. [1971] ,  P h i l .  Mag. 24,  485.

HARDING, B.C. and MORTLOCK, A . J .  [1966 ] ,  J .  Chem. Phys.  45,  2699.

HARDING, B.C. and PRICE, D.M. [1972 ] ,  P h i l .  Mag. ( t o  be p u b l i s h e d ) .

HARDING, B .C . ,  PRICE, D.M. and MORTLOCK, A . J .  [ 1971] ,  P h i l .  Mag. 23., 
399.

HENDERSON, B. and WERTZ, J . E .  [1968 ] ,  Adv. Phys.  1_7, 749.

HOODLESS, I . M . ,  STRANGE, J .H .  and WYLDE, L .E .  [1971] ,  J .  Phys.  C. 4 ,  
2737.

JONES, J . T .  and CUTLER, I . B .  [1971 ] ,  J .  Amer. Ceram. Soc. 54,  335.

KAPPERS, L . A . , KROES, R.L.  and HENSLEY, E.B. [1970] ,  Phys.  Rev. B. 1 ,
41 51 .

KIRK, D.L.  and PRATT, P.L .  [1967] ,  P roc .  B r i t .  Ceram. Soc. No. 9,  215.

KOEPKE, B.G. and STOKES, R . J .  [1970 ] ,  J .  M a te r .  S e i .  5,  240.

KRÖGER, F.A.  [1964] ,  'The  C h e m is t ry  o f  I m p e r f e c t  C r y s t a l s ' ,  Amsterdam, 
N or th  H o l l an d .

KULIKOV, I . S .  [1966] ,  'T he rm a l  D i s s o c i a t i o n  o f  Chemical  Compounds ' ,
t r a n s .  J .  Schmorak,  I s r a e l  Prog ,  f o r  S c i e n t i f i c  T r a n s . ,  J e r u s a l e m ,
1 967.

LAURENT, J . F . and BfiNARD, J . [1958] ,  J .  Phys. Chem. S o l i d s  218.

LEIPOLD, M.H. [1 966 ] ,  J .  Amer■. Ceram. Soc. 49 , 498.

LEWIS, T . J .  and WRIGHT, A . J . [1968] ,  J .  Phys. D. 1 ,  441.

LEWIS, T . J .  and WRIGHT, A . J . [1970 ] ,  J .  Phys. D. 3 ,  1329.

LIDIARD, A.B. [1955a] ,  P h i l . Mag. 46,  815.

LIDIARD, A.B. [1955b] ,  P h i l . Mag. 46 ,  1218.

LIDIARD, A.B. [1957] ,  'Handbuch d e r  P h y s i k ' , S. F lü g g e ,  ed. XX, B e r l i n ,
S p r i n g e r .



143

LIDIARD, A.B. [1967], Proc. Brit. Ceram. Soc. No. 9, 1.

LIDIARD, A.B. and THARMALINGAM, K. [1959], Disc. Far. Soc. 28, 64.

LINDNER, R. and PARFITT, G.D. [1957], J. Chem. Phys. .26, 1 82.

MANLEY, O.P. [1960], J. Phys. Chem. Solids 13, 244.

MANNING, J.R. [1968], 'Diffusion Kinetics for Atoms in Crystals', 
Princeton, N.Y., van Nostrand.

McKENZIE, D.R., SEARCY, A.W. , HOLT, J.B. and CONDIT, R.H. [1971],
J. Amer. Ceram. Soc. 54, 188.

MIMKES, J. and WUTTIG, M. [1971], J.. Amer. Ceram. Soc. 54_, 65

MITOFF, S.P. [1959], J. Chem. Phys. 31, 1261.

MITOFF, S.P. [1962], J. Chem. Phys. 36, 1383.

MORTLOCK, A. J. [1964], Acta Met. 1_2, 675.

MORTLOCK, A.J. [1968], Proceedings of Symposium on Mass Transport in 
Oxides, Gaithersburg, Maryland, 1967, NBS publication 296.

MORTLOCK, A.J. [1969], J. Appl. Phys. 40, 894.

MORTLOCK, A.J. [1970], Aust. Physicist 1_ (12), 189.

MORTLOCK, A.J. and PRICE, D.M. [1972], (to be published).

MOTT, N.F. and GURNLEY, R.W. [1948], 'Electronic Processes in Ionic 
Crystals', 2nd ed. Oxford, Clarendon.

MOTT, N.F. and LITTLETON, M.J. [1938], Trans. Far. Soc. 34, 485.

MURARKA, S.P. and SWALIN, R.A. [1971], J. Phys. Chem. Solids 32., 1 277.

OISHI, Y. and KINGERY, W.D. [1960], J. Chem. Phys. 33, 905.

O'KEEFFE, M. [1961], (see Adda and Philibert, 1966, p.1 065).'

OSBURN, C.M. and VEST, R.W. [1971], J. Amer. Ceram. Soc. 54, 428.

RAUX, A. and ELSTON, J. [1970], Acad. Sei. (Paris) C.R. C270 , 505.

REILING, G.B. and HENSLEY, E.B. [1 958], Phys. Rev. 1]_2, 1106.

RICE, S.A. [1 958], Phys. Rev. 1 12, 864.

ROVNER, L.H. [1966], Ph.D. Thesis, Cornell Univ. (see Dissertation 
Abstracts, 27_ (3), 934-B (1 966)).

RUNGIS, J. and MORTLOCK, A.J. [1966], Phil. Mag. 1_4, 821.

SCHOFIELD, K. [1 967], Chem. Rev. 67., 707.

SHEWM0N, P.G. [1963], 'Diffusion in Solids', McGraw-Hill, New York.



144

SOLAGA, T. [1972] ,  T h e s i s ,  A u s t r a l i a n  N a t i o n a l  U n i v e r s i t y .

SOLAGA, T. and MORTLOCK, A . J .  [1970 ] ,  Phys.  S t a t .  So l .  ( a )  3,  K247.

SOMORJAI, G.A. [1969] ,  Adv. High Temp. Chem. 2,  203.

SOSHEA, R.W.,  DEKKER, A . J .  and STURTZ, J . P .  [1958] ,  J .  Phys.  Chem. 
S o l i d s  5̂ , 23.

SRINIVASAN, M. and STOEBE, T.G.  [1970] ,  J .  Appl .  Phys.  4l_, 3726.

STOKES, R . J . ,  JOHNSTON, T.L . and L I ,  C.H. [1958] ,  P h i l .  Mag. 3,  718

STOKES, R . J . ,  JOHNSTON, T.L. and L I ,  C.H. [1959] ,  P h i l .  Mag. 4,  137

TAGAI, H . , IWAI, S . ,  ISEKI, T. and SAHO, M. [1965] ,  Radex-Rundschau ,  
4 ,  577.

VINEYARD, G.H. [1957 ] ,  J .  Phys.  Chem. S o l i d s  3,  121.

WERTZ, J . E .  and AUZINS, P.V. [1957] , Phys.  Rev. 106, 484.

WERTZ, J . E .  and AUZINS, P.V. [1967] , J .  Phys.  Chem. S o l i d s  28_, 1557.

WERTZ,
33,

J . E . ,  ORTON, J.W. and 
322.

AUZINS, P. [1962] ,  J .  Appl .  Phys. Suppl

WHITNEY, W.P. and STUBICAN, V.S.  [1971 ] ,  J .  Phys.  Chem. S o l i d s  32,  305.

WUENSCH, B . J . ,  STEELE, W.C. and VASILOS, T. [1972 ] ,  J .  Chem. Phys.  ( t o  
be p u b l i s h e d ) .

WUENSCH, B . J . and VASILOS, T. [1961 ] , P roc .  4 t h I n t e r n a t i o n a l Symp.
' R e a c t i v i t y  of: S o l i d s ' , Amsterdam, 1960,  E l s e v i e r ,  p . 5 7 .

WUENSCH, B . J . and VASILOS, T. [1 9 6 2 ] , J . Chem. Phys.  36 ,  2917.

WUENSCH, B . J . and VASILOS, T. [1965] , J . Chem. Phys.  42 ,  4113.

WUENSCH, B . J . and VASILOS, T. [1966] , J . Amer. Ceram. Soc. 49, 433.

WUENSCH, B . J . and VASILOS, T. [1 9 6 8 ] , P r o c e e d i n g s  o f  Symposium on Mass
T r a n s p o r t  i n  O x id e s ,  G a i t h e r s b u r g ,  M ary land ,  1967,  NBS p u b l i c a t i o n
296.

WUENSCH, B . J .  and VASILOS, T. [1971 ] ,  J .  Chem. Phys.  54,  1123.

YAMAGUCHI, G. [1969] ,  S o l i d  S t a t e  R e a c t i o n s  ( i n  J a p a n e s e )  ( s e e  
D i f f u s i o n  D a ta  (1 ) 83,  1 971 ) .

YAMASHITA, J .  and KUROSAWA, T. [1954 ] ,  J .  Phys .  Soc. J a p a n  9,  944. 

ZAPLATYNSKY, I .  [1962 ] ,  J .  Amer. Ceram. Soc. 45,  28.


